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Abstract: 
Mangrove forests are some of the most degraded ecosystems on the planet and 
there is much interest in their restoration due to the wide range of ecosystem 
services that they provide. Mangrove forests are generally associated with tropical 
climates but they also extend into temperate regions. Although they are generally 
less degraded in temperate areas, restoration in some regions is still required and is 
actively pursued by communities, governments and other coastal managers who 
value mangrove forests because of their contribution to biodiversity as well as their 
coastal protection and carbon sequestration properties. 
Globally, restoration of mangrove ecosystems has proven notoriously difficult and 
efforts undertaken in Western Port Bay (WPB), near the southern latitudinal 
extreme of global mangrove distribution, have also encountered many failures. The 
overall goal of this thesis was to investigate factors that contribute to the lack of 
restoration success of Avicennia marina to provide practical information for 
practitioners in temperate climates to improve restoration success. This goal was 
addressed through the examination of historical mangrove distribution change, the 
implementation of field planting and nursery experiments as well as broadening 
understanding of the role of biophysical conditions of habitat on the early life 
history of mangrove plants. 
The first component of this thesis (detailed in Chapter 2) involved the collection of 
important information for practitioners including key structural characteristics of 
the mangrove forests of WPB as well as historical aerial photography to determine 
natural regeneration patterns in disturbed mangrove forests. Aerial photography 
spanning between 58 and 70 years revealed that vigorous regeneration was 
occurring within and close to historically disturbed patches of mangrove forest. It 
appears that mangrove forest extent has increased by more than 400% over 58 
years in one location. However, there was a clear lack of regeneration on other, 
formerly dense mangrove areas that are now bare mudflats existing between 
remnant patches of mangrove forest. 
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In Chapter 3, the results of the aerial photography analysis were used to design a 
mangrove propagule and seedling planting experiment that examined key factors 
that appeared to be limiting natural regeneration. This experiment consisted of 
planting over 3,000 nursery raised seedlings as wel l as directly planting over 300 
propagules across seven sites at varying proximities to remnant patches of 
mangrove forest and at different heights on the shore (inundation durations). 
Survival and growth of seedlings were monitored over two years and results 
showed that hydrodynamic energy, including tidal, wave and current energy, were 
the main factors associated with reduced survival of young seedlings. Seedlings 
planted closest to remnant patches of mangrove forest that were less exposed to 
wind‐driven waves appear to benefit because these seedlings displayed greater 
survival rates than those found at increasing distances away from the nearest forest 
edge. These results suggested that areas of increasing hydrodynamic energy are 
likely to maintain a bare mudflat alternative stable state in disturbed mangrove 
forests. 
In Chapter 4, some of the propagule collection techniques commonly used to raise 
mangrove seedlings in nurseries were tested in a nursery. Techniques included 
propagule collection method (picking from trees vs collecting from ground), timing 
of collection (early vs late in the fruiting season) and size selection of propagules. 
Results showed that the final size of seedlings grown in a nursery can be optimised 
by selecting larger propagules that had fallen from the tree during the peak of the 
fruiting season when the largest propagules are available. Larger propagules 
collected from the ground during January resulted in seedlings grown in nursery 
conditions that were tallest and had the thickest stems. The nursery raised 
seedlings were planted in the field to determine whether larger seedlings translated 
to better survival rates. After planting, survival rates of seedlings greater than 125 
mm tall were greater than 80%, which fell to below 50% for seedlings that were 
planted when they were less than 100 mm. However, strong hydrodynamic energy 
found at the planting site was again implicated in longer‐term reduced survival and 
further protection of seedlings from waves and currents appears necessary.  
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Finally, Chapter 5 investigated natural regeneration processes (i.e. propagule 
dispersal, initial seedling recruitment and early seedling survival) during the 
vulnerable first year of a mangrove seedling’s life. The abundance of stranded 
propagules and young seedlings, along with a range of physical and biological 
characteristics, were measured within forested and unforested (but considered 
suitable for A. marina survival) areas of WPB. Additionally, hydrodynamic modelling 
was used to simulate propagule dispersal across the bay and wave modelling was 
used to determine key hydrodynamic stressors for mangrove regeneration and 
these were assessed alongside the field collected data using boosted regression 
trees (BRTs). This final experiment was designed to revisit and test the regeneration 
niche of A. marina by adding hydrological and hydrodynamic factors deemed 
important by recent research and results of Chapter 3. The BRTs revealed that 
different modelled and measured hydrological and biological factors appeared to 
play greater roles during different regeneration stages. Additionally, influential 
factors varied between sites located outside and within the mangrove forest where 
regeneration was approximately one order of magnitude greater than measured on 
bare or sparsely vegetated mudflats, consistent with the mudflat stable state 
identified in the propagule and seedling planting experiment. Hydrological factors, 
indicated by high deposition of debris and modelled bay‐wide propagule dispersal, 
were most important during the propagule dispersal phase within the mangrove 
forest and this translated to highest recruitment of seedlings. Outside of the forest, 
the proximity to propagule sources was most influential in propagule stranding, 
which was bolstered by the existence of small areas of vegetation which appeared 
to enhance propagule retention (e.g. through the trapping of propagules by roots 
and stems). Seedling establishment and early survival outside of the forest were 
most influenced by hydrodynamic energy, with higher wave energy initially 
preventing seedling establishment while higher bed shear stress led to longer‐term 
attrition of established seedlings. Additionally, higher crab populations (indicated by 
a greater density of crab burrows) also appeared to reduce survival of newly 
recruited seedlings. 
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The findings of this thesis provide a number of theoretical and management 
implications. Results indicate that large‐scale disturbance of temperate mangrove 
forests can lead to an alternative stable state caused by exposure to hydrodynamic 
energy that was formerly ameliorated by the forest itself. Consequently, simple 
planting strategies are likely to be insufficient for effective restoration in these 
circumstances. My results show that planting success can be improved by 
optimising propagule collection techniques but further protection of young 
seedlings from the damaging effect of hydrodynamic energy also appears to be 
required. A number of seedling protection options already exist but the refinement 
of the regeneration niche of A. marina in this thesis can allow for more tailored 
protection solutions to be designed. It is likely that future improvements to 
mangrove restoration along high‐energy coastlines w ill require a multidisciplinary 
approach that spans ecological and engineering fields of study.  
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1.1 PREFACE 
Mangroves are trees that are able to thrive in sheltered intertidal marine and 
estuarine areas. Their ability to survive in hostile environments has long been a 
fascination to researchers around the globe. The largest mangrove forests occur in 
tropical areas of the world, however they also extend into temperate regions where 
their size and diversity decrease. Mangrove forest ecosystems provide important 
habitat for many species and offer a range of uses and values to human 
populations, especially in the face of a changing climate. Despite these values, 
mangrove forests have been disappearing at an alarming rate, largely due to human 
disturbance, and their restoration has been a focus in recent decades.  
In Western Port Bay, a temperate tidal embayment near Melbourne, Australia, 
historical disturbance of the resident mangrove forests has resulted in a loss of 
protection of the coastline from wind-driven waves. The subsequent erosion of the 
shoreline has led community groups and government bodies to attempt restoration 
of the mangrove forests. However, success has been limited and this study was 
initiated to develop a greater understanding of the barriers to implementing the 
large-scale restoration required to reduce coastal erosion in the bay.  
Mangrove forests exist in a dynamic and complex environment and restoration of 
them is therefore difficult as demonstrated by the experiences in Western Port Bay 
as well as in many other parts of the world. Recent work has emphasised the need 
to have a thorough understanding of mangrove ecology, particularly the factors 
affecting their natural regeneration, in order to design an effective mangrove  
restoration project. This introduction therefore includes a lengthy review of the 
literature describing these factors after a general review of literature on mangrove 
ecology. Particular attention is paid to the subject species of this study, and the only 
species to reside in Western Port Bay, Avicennia marina. Additionally, mangrove 
forests that exist in temperate areas of the world are characterised slightly 
differently to their tropical relatives and much of the literature that has been 
reviewed draws from research undertaken on temperate mangrove ecosystems 
where possible.  The final part of the introduction discusses the relevant literature 
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surrounding the practice of mangrove restoration, again highlighting examples from 
temperate mangrove environments.  
As mentioned, the overall aim of this thesis is to broaden understanding of the 
factors leading to previous mangrove restoration failures in order develop better 
techniques for future efforts. The approach used to achieve this was to; 
1. Gain an understanding of the regeneration ecology of mangrove forests 
through a review of the global pool of literature on this subject (addressed in 
section 1.3 of this introduction). 
2. Examine the structural characteristics and historical distribution change of 
mangrove forests in Western Port Bay to determine what factors may be 
driving local regeneration processes (Chapter 2). 
3. Develop an understanding of specific processes revealed to be pote ntially 
important in Chapter 2 by undertaking a mangrove seedling planting 
experiment (Chapter 3). 
4. Examine the propagule harvesting techniques used for raising mangrove 
seedlings in order to determine opportunities for their optimisation (Chapter 
4). 
5. Assess the relative importance of a range of factors affecting natural 
mangrove regeneration as indicated by the literature and results of Chapters 
2-4 to determine which factors should be the focus of future mangrove 
restoration projects (Chapter 5). 
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1.2 MANGROVE ECOSYSTEMS 
Mangrove forests are often regarded as inhospitable places and John Steinbeck 
mused that ‘it is the combination of foul odor and the impenetrable quality of the 
mangrove roots which gives one a feeling of dislike for these salt-water-eating 
bushes… The roots gave off clicking sounds, and the odor was disgusting. We felt we 
were watching something horrible. No one likes the mangroves’ (Steinbeck, 1951, 
pp 100-101). However, mangroves have long generated much interest in the 
scientific community and the literature on mangrove ecosystems is vast. In fact, the 
volume of research on mangroves is disproportionately large when the global area 
of mangroves is compared to that of other major vegetation types (Table 1.1). Only 
research on saltmarsh (another maligned vegetation type) is more common as per 
square kilometre of habitat. 
Table 1.1: Research output by vegetation type. Vegetation types (1 – 6 only) modified from Olson 
et al. (2001) where forest and grassland/savannah biomes were combined. Global area of 
vegetation types derived from 1(Olson et al., 2001), 2(Spalding et al., 2010) and 3(Mcleod et al., 
2011). Average number of articles based on mean number of results from search of vegetation 
type in three academic databases (Web of Science, EBSCO Host and Google Scholar) on 18/1/18. 
 
Vegetation type Global Area 
km2 
Average no. of 
 Articles 
Articles/km2 
1 Forest 43,631,8711 1,875,607 0.043 
2 Tundra 11,655,0531 87,966 0.008 
3 Taiga 15,126,7791 36,712 0.002 
4 Grassland/Savannah 36,558,2441 423,868 0.012 
5 Desert 27,885,6791 900,928 0.032 
6 Mangrove 137,7603 - 152,3082  183,183 1.203 - 1.330 
7 Salt Marsh 22,0003 - 400,0003 43,860 0.110 - 1.994 
8 Seagrass 177,0003 - 600,0003 51,054 0.085 - 0.288 
 
Lugo and Snedaker (1974) identified the unique adaptations of mangrove plants 
that allow them to survive in highly stressful environments as a catalyst for this 
fascination. These adaptations include a range of distinctive above-ground root 
structures that enable gas exchange in anoxic substrates, specialised reproductive 
strategies, including vivipary and buoyancy of propagules, that allows for water-
borne dispersal and their ability to cope within a highly saline environment by 
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excluding or exuding salts. These physiological adaptations allow mangroves to exist 
in areas where no other woody tree can establish or persist. 
Researchers have also been attracted by the rich biodiversity and important 
habitats that are found within mangrove forests. A range of mammals and reptiles 
are found in mangrove forests (Clough, 2013; Rog et al., 2017) and they are also 
useful as habitat for many bird species, exclusively for some and temporarily for 
other bird species as they migrate across the globe (Nagelkerken et al., 2008). 
Perhaps the most important function that mangrove forests provide to biodiversity 
is their role as habitat for marine organisms. They support a wide range of 
crustaceans and molluscs and it is well-known that they provide important nursery 
habitat for many species of fish (Clough, 2013; Kimirei et al., 2013). 
The range of practical uses of mangroves for humans is large and may have also led 
to much research. These uses include timber for firewood and infrastructure 
construction, dyes, honey, food, medicines and fodder for domestic animals 
(Hamilton & Snedaker, 1984). As mentioned above, mangrove forests are very 
important nursery habitat for marine life including many commercially caught 
species. Mangrove forests have also been cleared and used for aquaculture, 
including large areas of mangrove forest in Asia and Central America that have been 
converted to shrimp ponds (Alongi, 2002). As with many land uses, the balance 
between sustainable use of a natural resource and overexploitation has been 
largely lost and shrimp farming is a major cause of global mangrove decline 
(Hamilton & Casey, 2016; Richard & Friess, 2016; Thomas et al., 2017). 
More recent research shows that mangrove forests also have great potential in 
mitigating against, and adapting to, the effects of climate change (Duarte et al., 
2013). Notably, mangrove forests are extremely valuable carbon sinks and there is 
evidence that they, along with other intertidal vegetation types, are an order of 
magnitude more effective at sequestering carbon than terrestrial forests (Mcleod et 
al., 2011). Mangroves can also provide protection for coastlines that would 
otherwise be exposed to the erosive forces of coastal storms that may be 
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exacerbated by a rising sea-level (Alongi, 2008; Feagin et al., 2011; Bouma et al., 
2014).  
The final reason proposed here for the considerable research on mangroves is that 
despite their apparent value, they are being lost at an alarming rate. The oft-cited 
major causes for their loss include coastal development and, as mentioned above, 
shrimp-farming (Alongi, 2002). More recently, large-scale dieback of mangrove 
forests in Australia’s Gulf of Carpentaria is thought to be caused by severe weather 
events (Hamilton & Casey, 2016). It is estimated that mangrove forests have been 
declining in area with over 1% of the world’s mangrove forests being  lost annually 
between 1980 and 1990 (FAO, 2007). Although this rate has slowed to around 0.2-
0.3% per year since 1990 (Thomas et al., 2017), their continued decline highlights a 
serious problem for biodiversity and human communities that depend on the 
sustained existence of these ecosystems. 
1.2.1 Definition and characteristic features of mangroves 
Globally, approximately 73 species of mangroves exist, belonging to 20 taxonomic 
families (Spalding et al., 2010). Therefore, the term ‘mangrove’ is usually defined by 
the environment in which these plants occur and the adaptations which enable 
their survival, rather than phylogenetic relationships. For example, Saenger (2002, 
p. 10) defined mangroves as ‘a higher plant (tree, shrub, palm, herb or fern) which 
(1) predominantly grows in the intertidal areas of tropical and subtropical 
shorelines, which (2) exhibits a marked degree of tolerance to high salt 
concentrations and soil anoxia, and which (3) has propagules able to survive 
dispersal by seawater.’ The following paragraphs focus on this definition and explain 
each of Saenger’s three components in more detail.  
The first component of Saenger’s definition is the most obvious feature of 
mangroves; their normal habitat is the boundary between the land and the sea, 
which is regularly inundated by tidal waters of varying salinity. Mangrove forests are 
most often associated with tropical regions and the largest populations are indeed 
found there (Spalding et al., 2010). Over 55% of the world’s mangroves are found at 
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latitudes less than 10o, 30% at latitudes between 10o and 20o and only 1.4% found 
at latitudes greater than 30o (Twilley et al., 1992). The research presented in this 
thesis focuses entirely on Avicennia marina, within temperate southern Australia (at 
approximately 38oS). While this particular mangrove species also grows in tropical 
regions, there are some specific considerations related to temperate mangrove 
ecosystems, which are discussed further below. 
Saenger’s second component of his definition relates to strategies that mangroves 
have developed to survive areas of high salinity and waterlogged sediment with low 
oxygen. Mangroves deal with high salinities in a number of ways. Most mangroves 
are able to exclude salt uptake at their roots and store salt in their tissues, while 
others discard excess salts via their leaves (Parida & Jha, 2010). Highly saline soils 
also reduce osmotic water potentials making it difficult for the trees to extract 
water and this has necessitated the development of a range of strategies to cope 
with water stress. For example, leaf adaptions including sunken stomata, leaf hairs 
and waxy coatings prevent water loss from leaves (Saenger, 1982). One of the most 
recognisable features of mangroves is their aerial root structures, including the 
pencil-like pneumatophores of genera Avicennia and Sonneratia, knee roots of 
Bruguiera and Ceriops, buttress type roots found in Xylocarpus and Heritiera and 
stilt or prop roots of the Rhizophora. Small openings, called lenticels, occur in these 
aerial root types that allow entry of oxygen above the soil surface, and together 
with spongy aerenchyma tissue, provide oxygen to roots in anoxic sediments 
(Clough, 2013). The aerial root systems are also important for providing stability in 
loose, waterlogged sediments in a high energy environment and add structural 
complexity that plays an important role in hydrodynamic and sedimentary 
processes within the mangrove ecosystem (Mazda et al., 1997). 
The final component of Saenger’s definition relates to how mangrove reproductive 
systems have adapted to a saline environment that is constantly disturbed by tidal 
and wave energy. All mangrove propagules can float and some can be carried large 
distances and still remain viable after many months (Clarke, 1993). Additionally, 
many mangrove propagules are viviparous; produce seeds that germinate on the 
parent tree (Clough, 2013). This allows the new seedling to quickly establish after 
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detaching from the tree. This is important given that the new seedling has a limited 
‘Window of Opportunity’ to establish in an environment that is regularly flooded by 
tides and exposed to wind driven waves that may dislodge a propagule or seedling 
soon after settlement (Balke et al., 2011).  
1.2.2 Mangroves in Australia 
Approximately 7% of the world’s mangroves are found in Australia, second in area 
only to Indonesia (Giri et al., 2011). Thirty seven species constitute almost 978,000 
hectares of mangrove forest in Australia with the vast majority of these existing in 
the tropical regions of the north (Spalding et al., 2010). In very diverse forests of 
tropical Australia, the presence or absence of particular mangrove species depends 
on a complex relationship between various physical, environmental and climatic 
factors (Duke et al., 1998a). Mangrove diversity decreases with increasing latitude 
in Australia and only one species (Avicennia marina) occurs in Victoria, South 
Australia and southern parts of Western Australia, near Perth (Spalding et al., 2010). 
In Victoria, mangroves grow at their southernmost global limit at Corner Inlet 
(38o54’S). The present study was undertaken in Western Port Bay, which is 
approximately 100km northwest of Corner Inlet between 38o12’S and 38o31’S. At 
these latitudes, the climate is described as temperate, with warm summers without 
a substantial dry season (Peel et al., 2007). The next section details some important 
considerations relevant to temperate mangrove ecosystems. 
1.2.3 Dynamics of temperate mangrove ecosystems 
The global extent of mangroves is generally consistent with areas where the 
average temperature of the coldest month is greater than 20oC (Chapman, 1976). 
However, small areas of mangrove forest are found outside this range and are 
thought to be relict populations from warmer periods or because of warmer 
currents that extend into these zones (Duke et al., 1998b). A recent review of the 
ecology and management of temperate mangrove forests was undertaken in 
response to a relative lack of research compared to tropical mangroves and the 
tendency to apply knowledge of tropical mangroves to temperate mangroves 
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despite these systems differing in a number of important ways (Morrisey et al., 
2010). It is not surprising that the volume of research regarding temperate 
mangroves is small given they make up less 0.01% of the world’s mangrove forests. 
However, temperate mangroves still provide an important ecological role and there 
are characteristics of temperate mangrove forests that make them unique. For 
example, temperate mangrove forests are generally less floristically diverse than 
tropical mangrove forests, productivity is lower and, in contrast to global trends, 
temperate mangrove forests are expanding in many areas rather than contracting.  
Morrisey et al. (2010) defined temperate mangroves as those found within the Cs 
(temperate with a dry summer) and Cf (temperate without a defined dry season) 
groups of the Köppen-Geiger climate classification scheme (Peel et al., 2007). These 
areas roughly correspond to mangrove forests found at latitudes higher than 29-30o 
and the total area of mangrove forests at or higher than these latitudes is around 
50,000 - 60,000 ha (Morrisey et al., 2010). This equates to around 0.003-0.004% of 
the world’s mangrove forests based on a recent estimate of global extent (137,760 
km2) (Giri et al., 2011). Most of the world’s temperate mangroves are found in 
Australia (48-55%) and New Zealand (41-47%) with smaller areas in Louisiana (USA), 
South Africa, Japan and Bermuda (Morrisey et al., 2010). Of the Australian 
temperate mangroves, Victoria is home to around 3,800 ha (Morrisey et al., 2010) 
although a more detailed recent study estimated that 5,177 ha exist (Boon et al., 
2011).  
As discussed above, mangrove diversity decreases with increasing lati tude and 
there are generally only two or three species found in temperate regions, reducing 
to a single species at the extreme latitudinal extent (Ellison, 2002). The most 
common species in temperate areas belong to the Avicennia genus and these 
species are amongst the most widely distributed (Morrisey et al., 2010).  
 
As well as diversity, productivity of mangrove forests also decreases with increasing 
latitude (Saenger & Snedaker, 1993; Bouillon et al., 2008). The reduced productivity 
most likely occurs due to lower temperatures in temperate areas where vascular 
structures that have adapted to low temperature have restricted water movement 
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through vascular tissues, resulting in lower growth rates (Stuart et al., 2007). Frosts, 
which commonly occur in temperate areas, cause damage to mangrove leaves, 
which also reduces productivity by reducing the abili ty to resorb nutrients (Wang et 
al., 2011).  
 
Interestingly, and contrary to expectations given the lower productivity of 
mangrove forests in temperate regions, another peculiarity of temperate mangrove 
ecosystems is the expansion of forest extent in some regions. For example, in New 
Zealand, deforestation of coastal catchments has caused increased sedimentation in 
some estuaries, leading to accretion of mudflats that has allowed mangroves to 
expand seawards (Burns & Ogden, 1985; Morrisey et al., 2007). Landward 
mangrove encroachment into adjacent saltmarsh areas is more commonly observed 
in South-eastern Australia and has been attributed to changes in mudflat surface 
elevations. Surface elevation change in mangrove forests and adjacent vegetation 
communities results from a complex combination of factors including, 
sedimentation and erosion processes, compaction of sediments, groundwater 
discharge, plant productivity and infauna abundance (Rogers et al., 2006; Rogers & 
Saintilan, 2008). Expansion of mangrove forests in temperate areas has resulted in 
community disquiet due to impacts on recreational and aesthetic values of some 
estuaries, and therefore required local authorities to ‘manage’ expanding mangrove 
forests (Morrisey et al., 2010). Another major driver of mangrove expansion in 
temperate areas is climate change driven, particularly the lessening incidences of 
frost which allow mangrove forests to proliferate more freely in cooler climates 
(Saintilan et al., 2014). 
1.2.4 The study species - Avicennia marina 
Avicennia marina (Forsk.) Vierh. (grey or white mangrove) is one of several species 
found within the genus Avicennia (Acanthaceae, formerly Verbenaceae) (Tomlinson, 
2016). A. marina is widely distributed, occurring along the eastern coasts of Africa, 
parts of the Middle East, through India and Southeast Asia, on some western Pacific 
Islands, Australia and New Zealand (Spalding et al., 2010). Three varieties of A. 
marina occur in Australia: Avicennia marina var. eucalyptifolia, which grows along 
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northern coasts of Australia (and through parts of Southeast Asia) from Mackay in 
Queensland to Wyndham in Western Australia; Avicennia marina var. marina, which 
occurs exclusively in Western Australia from Broome to Bunbury; and Avicennia 
marina var. australasica, which occurs south of Rockhampton through south 
eastern Australia to Adelaide (as well as in northern parts of New Zealand) (Duke, 
1991). Avicennia marina var. australasica is the only variety found in Victoria and 
Western Port Bay. 
A. marina is a small tree or shrub that typically varies from 5 – 10m in height, but 
can reach 30m (Duke, 1991). In Victoria, A. marina grows between 1.5 – 4m in 
height (Van der Valk & Attiwill, 1984). Aerial roots are pencil-like pneumatophores 
that grow to 20 – 30cm long and 5 – 10mm wide at the tip (Fig. 1.1). Leaves are 
generally ovate with a shiny green upper surface and a paler and slightly hairy 
surface underneath (Duke, 1991).  
 
Figure 1.1: Small Avicennia marina tree near Grantville in Western Port Bay with pneumatophores 
extending radially from base of trunk, 2012. 
Cryptoviviparous fruit (known as propagules after detachment from parent tree) are 
ovoid in shape and are around 20mm long and 17mm wide (Fig. 1.2b). The 
pubescent pericarp that surrounds the fruit is shed after it has abscised from the 
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parent tree to reveal large cotyledonary lobes with the radicle tucked between 
them at one end. The radicle is around 10mm long and has a densely hairy collar 
near the tip. In temperate areas, fruit development from buds is around 500 days 
(Duke, 1990), which may explain why propagule abundances in Western Port Bay 
fluctuate from year to year (Farrell & Ashton, 1974; Clough & Attiwill, 1982; Harty, 
2010). The size of A. marina propagules correlates with latitude where heavier 
propagules are found further towards the poles, potentially because they are better 
able to survive cold winter weather due to larger maternal reserves (Morrisey et al., 
2010).   
 
Figure 1.2: Avicennia marina flowers (a) and cluster of fruit attached to parent tree (b). 
Photographs taken near Grantville, 2012. 
Propagules will usually float for 1 – 4 days, with higher salinities leading to longer 
floating times, before the pericarp is shed and they sink (Clarke & Myerscough, 
1991b). Salinity also influences the propagule’s ability to refloat, which is more 
likely to occur in brackish rather than full-strength seawater (Clarke & Myerscough, 
1991b). A stranded propagule (Fig. 1.3a) undergoes epigeal germination where the 
hypocotyl extends and unfolds from the cotyledons and primordial roots develop 
from the radicle apex (Fig 1.3b). The primordial roots penetrate the soil surface, 
anchoring the seedling while the hypocotyl continues to extend and straighten to 
elevate the cotyledons (Fig 1.3c). The cotyledons expand and allow the plumule to 
emerge and elongate (Fig. 1.3d) (Tomlinson, 2016).   
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Figure 1.3: Avicennia marina propagule stranded with ruptured pericarp (a), with extended 
hypocotyl and primordial roots (b), anchored in substrate with elevated cotyledons (c) and 
seedling with emergent plumule and primary leaves (d). Photographs taken near Grantville, 2016. 
A. marina is known for its broad tolerance to a range of salinities, intertidal 
positions and temperatures (Chapman, 1976; Duke, 1991; Stuart et al., 2007; 
Tomlinson, 2016). This mangrove species occurs on open coastlines exposed to full-
strength seawater and can exist in brackish estuarine waters where, in temperate 
areas, growth rates tend to increase with decreasing salinity (Morrisey et al., 2010). 
In mixed species forests, A. marina can occur at low through to high intertidal zones 
(Duke, 1991) although the exact tidal limit has not been determined and is likely to 
be a function of exposure to wave energy (Clarke & Myerscough, 1993). Given the 
existence of A. marina at the latitudinal limits of global mangrove distribution, it is 
also tolerant to a wide range of temperatures and some physiological adaptations 
(e.g. narrowing of xylem vessels to reduce the occurrence of freeze -induced 
embolism) enable survival at the lower end of their temperature tolerance (Stuart 
et al., 2007). 
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1.3 REGENERATION OF MANGROVE ECOSYSTEMS 
Mangrove forests exist in a highly dynamic environment and many biotic and abiotic 
factors influence regeneration processes. A detailed review (Krauss et al., 2008) 
discussed the importance of temperature, salinity, light, nutrients, flooding and 
biotic influences and how some of these factors interact to drive mangrove 
regeneration processes. The review also discussed how climate change might also 
affect the relative importance of these factors as well as recognising emerging 
factors including increasing atmospheric CO2 concentrations and sea level rise. 
However, there was very little discussion about the effects of hydrodynamic forces, 
including wave, current and tidal energy, on mangrove regeneration. This factor 
was identified years earlier as a potentially crucial factor (Clarke & Myerscough, 
1993) and has received some recent attention (Thampanya et al., 2002; Balke et al., 
2011; Friess et al., 2012; Balke et al., 2013a).  
Krauss et al. (2008) drew on research from the entire body of literature on 
mangroves, much of which was conducted in tropical regions. Given that my study 
is undertaken in a temperate mangrove ecosystem, relevant research from 
temperate areas have been highlighted. Fortunately, a range of studies on A. 
marina in temperate regions of Australia were undertaken by Peter J Clarke and his 
colleagues in the 1990’s, many of which examined various aspects of mangrove 
regeneration. Clarke’s body of work included field studies that examined the 
phenology of A. marina (Clarke & Myerscough, 1991a), pre-dispersal mortality of 
propagules (Clarke, 1992), buoyancy (Clarke & Myerscough, 1991b) and dispersal 
(Clarke, 1993), intertidal distribution (Clarke & Myerscough, 1993), regeneration 
niche (Clarke & Allaway, 1993). These studies culminated in the assessment of 
population dynamics of A. marina (Clarke, 1995).  
In Western Port Bay, investigation of regeneration characteristics of mangroves is 
largely limited to a single study as part of the Western Port Bay Environmental 
Study in 1974 (Shapiro, 1974). The study developed a conceptual model that 
identified a range of factors important in the survival of established seedlings that 
largely correspond with the factors discussed by Krauss et al. (2008). The conceptual 
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model was based on a number lab experiments that included the effect of extreme 
temperatures, water turbulence and salinity on A. marina propagules and seedlings 
and field experiments that monitored the survival of propagules and seedlings 
planted across mangrove and saltmarsh zones (Farrell & Ashton, 1974). This 
previous study, while not published in a peer-reviewed journal, provides a local 
benchmark to which global research on the factors discussed in this thesis can be 
compared. Each of the factors important to mangrove regeneration processes are 
discussed in more detail below, which largely follows the order they are introduced 
by Krauss et al. (2008) with the addition of a section discussing the importance of 
hydrodynamics. 
1.3.1 Importance of the sedimentary environment 
Mangrove forests are synonymous with mud and indeed the largest forests occur 
on vast muddy river deltas and coastlines (Morrisey et al., 2010). However, 
mangrove sediments are highly variable and their composition and chemical 
properties are dependent upon a range of factors including the vegetation that is 
present, local geological and geomorphological characteristics, tidal influence and 
rainfall (Alongi, 2009). Mangrove sediments are partially formed by the forest itself, 
which provides organic matter for the accumulation of peat, but they are largely 
derived from terrigenous material that has washed into coastal areas from the 
catchments (Bird, 1986). Delivery of this material to many temperate estuaries 
containing mangrove forests, including Western Port Bay, has increased over the 
last two centuries due to deforestation of catchments, wetland drainage, 
agricultural activities and urbanisation (Morrisey et al., 2010). In some cases, the 
increased delivery of sediment from these catchment activities has been 
accompanied by increased nutrient input (Lovelock et al., 2007). In other areas, 
sediment delivery to estuaries has been found to be decreasing as a result of 
human-related changes to river flows (Richard & Friess, 2016). The sedimentary 
environment and the processes that drive its development play a large role in the 
regeneration of mangrove ecosystems. In particular, nutrient status of sediments, 
erosion and sedimentation processes and physical sediment characteristics will be 
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discussed as the main aspects of the sedimentary environment that influence 
mangrove regeneration processes. 
1.3.1.1 Mangrove forests and nutrients  
Mangrove sediments are often nutrient poor due to their evolution upon 
weathered and highly leached soils, especially in the tropics (Reef et al., 2010). 
Mangroves therefore display a range of characteristics that have helped them adapt 
to a low nutrient environment including slow growth rates, higher growth allocation 
to roots rather than shoots, efficient nutrient resorption and sclerophyllic leaves 
(Reef et al., 2010). Phosphorus (P) is most commonly identified as the limiting 
nutrient in mangrove forests, however due to the reduced weathering of soils in 
temperate areas, nitrogen (N) limitation is also frequently seen (Lovelock et al., 
2007). Nutrient limitations can vary spatially within mangrove forests where P 
limitation exists in the higher parts of intertidal zone while N limitation can be more 
common at the seaward edge (Feller et al., 2009). This has been found to be true in 
Western Port where very low P levels were found in the saltmarsh landward of the 
mangroves when compared to levels found within the adjacent mangrove forest 
(Boon & Cain, 1988). Phosphorus deficiency in temperate A. marina forests of South 
Africa contribute to dwarfing of plants in this region (Naidoo, 2006). 
Given that many temperate mangrove forests are found in estuaries of developed 
catchments, nutrient enrichment is highly likely (Morrisey et al., 2010). Nutrient 
enrichment in New Zealand has led to greater growth of mangroves in areas also 
affected by high sedimentation rates (Lovelock et al., 2007). However, N 
enrichment can be less beneficial in stressful environments and can lead to 
increased mortality in trees affected by frost or drought (Lovelock et al., 2009). 
Besides the aforementioned study by Boon and Cain (1988), which undertook 
spatially limited sediment sampling, there has been very little investigation of 
nutrient status in the mangrove sediments of Western Port Bay. A recent 
assessment of nutrients in adjacent mudflat and seagrass habitats, however, found 
that there is little evidence of nutrient enrichment in mangrove forests due to 
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flushing by the high rate of daily tidal exchange between the bay and ocean  (Evrard 
et al., 2013). 
Krauss et al. (2008) discuss a number of traits of mangrove seedlings that are 
beneficial in low nutrient or high nutrient environments. The traits discussed are 
generally the same as those relevant to adult trees (mentioned above), but they 
also mention that the large maternal reserves found in mangrove propagules could 
sustain growth for an extended period of time, regardless of nutrient levels in the 
sediment. The production of large seeds by some species is known to be 
advantageous in stressful environments (Moles & Westoby, 2004) and while there 
seems to be little examination of this phenomenon specifically in mangroves, large 
seeds can be beneficial in low nutrient environments for other woody tree species 
(Milberg et al., 1998).   
1.3.1.2 Importance of sedimentation and erosion for mangroves 
Sediments are delivered to estuaries from catchments predominantly during high 
flow storm events (Morrisey et al., 2010). Most of these catchment sediments are 
fine and can also be derived from coastal erosion, while sandier sediments may 
wash into estuaries from offshore areas (Saenger, 1996). Sediments are then 
delivered to mangrove forests directly via sediment plumes from rivers or through 
the resuspension of benthic sediments by waves or tides which push these 
sediments into the forests (Bird, 1986). Mangroves enhance sedimentation through 
the structural complexity of the forest (tree trunks and stems, tree canopies and 
aerial roots) which induces drag, reducing tidal current velocity and consequently 
lowering sediment carrying capacity (Furukawa et al., 1997). Generally, currents 
lose energy as they move further into mangrove forests, resulting in decreased 
sedimentation rates at higher tidal elevations. This process has also been observed 
in Western Port Bay, where sediment accretion was measured at a number of 
paired mangrove and saltmarsh sites. At all sites, sedimentation was greater in the 
mangrove forest than in the adjacent higher elevation tidal saltmarshes (Rogers et 
al., 2005). 
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Sedimentation was measured in Western Port Bay using artificial pneumatophore 
fields close to the seaward edge of the mangrove forest  (Bird, 1986). Results 
showed that sediment accreted when they were present and then subsequently 
eroded when taken away indicating that pneumatophores play a role in 
sedimentation processes. A similar experiment undertaken in New Zealand showed 
that higher densities of pneumatophores correlates with higher sedimentation rates 
(Young & Harvey, 1996). An earlier experiment also showed that density of 
pneumatophores is important, but despite their presence, erosion still occurred 
episodically during storms (Spenceley, 1977). These differing observations may be 
explained by the location of the experiments which were undertaken within the 
forest (Young & Harvey, 1996) or in sheltered areas of the Western Port (Bird, 1986) 
versus areas more exposed to waves (Spenceley, 1977). 
Mangroves can also dampen the energy of incoming waves in a similar manner to 
that described for tidal currents. They have been shown to be effective in reducing 
wave energy by 50 – 70% within the first 20m of the mangrove fringe in a mixed 
Rhizophora and Avicennia forest (Phuoc & Massel, 2006). There are few studies 
measuring wave attenuation in temperate mangroves, but it is likely to be lower in 
monocultural Avicennia forests due to a reduction in complexity of root structures 
(Morrisey et al., 2010), although their shorter stature and lower canopy could 
contribute to greater wave attenuation. Larger waves generated by storms are less 
effectively attenuated by mangroves and can result in erosion of the sediments 
(Spenceley, 1977; Massel et al., 1999). In large storms and tsunamis, erosion of 
sediments in Avicennia forests can result in the undermining and uprooting of trees 
at the seaward edge of the forest (Othman, 1994; Dahdouh-Guebas et al., 2007; 
Swales et al., 2009). The undermining of root systems at the seaward edge of 
mangrove forests in Western Port has also been observed (Figure 1.41.4). 
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Figure 1.4: Undermined and partially toppled Avicennia marina tree near Queensferry, Western 
Port Bay, 2011. 
The processes of sedimentation and erosion in mangrove forests can affect 
mangrove regeneration in a number of ways. Sedimentation at the seaward edge of 
the forest, in some cases promoted by the pneumatophores extending out from the 
canopy (Bird, 1986), enables new seedlings to establish as the elevation of the 
mudflat increases and daily duration of inundation further facilitates survival (Burns 
& Ogden, 1985; Bird, 1986; Ellis et al., 2004). At an individual seedling scale, some 
mangrove species including, Avicennia alba, adapt to sedimentation and erosion 
processes. In accreting sediments, A. alba has been shown to allocate growth 
preferentially to shoots while on the other hand it can assign higher growth to roots 
in eroding sediments (Balke et al., 2013a). However, in the early stages of 
establishment, a seedling must have grown sufficient roots to avoid being 
undermined by erosion that occurs periodically in mangrove sediments during 
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storm events. This root growth is considered a threshold that a new mangrove 
seedling must consolidate in order to successfully establish (Balke et al., 2011). 
1.3.1.3 The importance of sediment physical properties 
Along with nutrient content and sedimentation processes, other sediment 
characteristics can be important for mangrove regeneration. These include 
sediment strength, particle size and surface topography. The variable nature of 
sediments can cause different growth and survival responses over a small area. In 
New Zealand, small-scale variation in growth and survival was attributed to a locally 
harder layer of sediment beneath the soft surface sediments (Osunkoya & Creese, 
1997). Kaly et al. (1997) discussed the likelihood of compacted soils hindering root 
penetration of new seedlings and reducing sub-surface gas exchange potential. 
Others have suggested that the more compacted sediments found in mature 
mangrove forests are more resistant to erosion (Othman, 1994), and hence, may 
reduce the likelihood of seedlings being removed via storms and other 
disturbances. 
Mangrove sediments are often composed of fine clays and silts, but sandier 
sediments can also wash into mangroves from offshore areas (Saenger, 1996). 
Sediment particle-size distributions can influence the seedling establishment stage 
(Farrell & Ashton, 1974; Balke et al., 2011) where sandier and/or unconsolidated 
sediments appear unfavourable for anchoring new seedlings. This has been 
observed in Western Port Bay (Bird, 1974; Farrell & Ashton, 1974) with seedlings 
that had established in loose beach sand being susceptible to erosion and removal. 
Varying particle size with increasing sediment depth enhanced A. marina seedling 
growth in areas with silty loam/fine sands in upper 5cm and medium to coarse 
sands between 5 and 30cm below the surface (Bhat et al., 2004). This was 
attributable to increased evaporation leading to hypersaline conditions in surface 
and subsurface soils, but coarser sands in subsurface soils can reduce salinity, 
encourage pneumatophore development and promote oxygenation of roots.   
 36 
 
Sediment particle size also correlates with organic matter and nutrient content 
where these both increase with decreasing grain size (Alongi, 2009). Greater growth 
of A. marina seedlings in finer sediments that contained higher nutrient levels  (Ellis 
et al., 2004) and higher organic carbon content (Mohammadizadeh et al., 2009) has 
been observed. However others have found no correlation between sediment type 
(fine river sediments vs coarser coastal sediments) and establishment and survival 
of A. marina seedlings in temperate Australia (Clarke & Allaway, 1993).  
Finally, the microtopography of mangrove sediment surfaces can play an important 
role in mangrove regeneration processes. In southern Queensland, small trenches , 
called runnels, are dug into saltmarsh and mangrove areas to allow standing water 
to drain as part of mosquito control. These runnels aided dispersal of A. marina 
propagules, which travelled a greater distance than in areas without runnels 
(Breitfuss et al., 2003). The complex network of small natural drainage channels and 
depressions are likely to have a similar effect on propagule dispersal. Resident 
fauna in mangrove forests, in particular crabs, can also influence microtopography 
of mangrove sediment surfaces (discussed further in section 1.3.5). 
1.3.2 Mangroves and limitations associated with temperature 
Low temperatures, especially frosts, appears to be a major driver of temperate 
mangrove forest diversity and productivity. Stuart et al. (2007) showed that some 
mangroves (in particular A. marina and Aegiceras corniculatum) found at higher 
latitudes had narrower xylem vessels than those at lower latitudes and proposed 
that this feature of the vascular system reduces their susceptibility to embolism 
when frosts occur. Narrowing xylem appears to be a trade-off that protects 
mangroves from low temperatures, but reduces water uptake efficiency, which in 
turn, limits productivity (Stuart et al., 2007). Even the more cold-tolerant species 
are susceptible to damage from low temperatures and this can manifest itself in a 
number of ways including loss of leaf turgor or the rolling and browning of leaves 
(Farrell & Ashton, 1974), to the defoliation or death of individual trees or entire 
forests in extreme circumstances (Jimenez & Lugo, 1985). Frost damage to 
mangrove leaves (including defoliation) has been shown to reduce nutrient 
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resorption efficiency, which also leads to a reduction of mangrove productivity 
(Wang et al., 2011).  
Most research examining the effect of low temperature on mangroves has been 
conducted on adult trees. Krauss et al. (2008) stated that few studies have tested 
the impact of low temperatures on mangrove seedlings. However, a recent study 
that investigated the effect of low temperatures (5.7oC , 2.5oC and -6.5oC ) and 
different exposure lengths to each temperature (2, 6, 12 and 24 hrs) on the 
propagules and seedlings of Avicennia germinans in Louisiana, U.S.A. (Pickens & 
Hester, 2011). The highest mortalities occurred when seedlings were exposed to the 
lowest temperatures for the longest durations and that there was no significant 
difference between temperature on different life stages (dispersal, stranding and 
establishment) indicating that there is no particularly vulnerable stage for seedlings 
when exposed to low temperatures (Pickens & Hester, 2011). While there has been 
no peer-reviewed research on the effects of low temperatures on mangroves in 
Western Port Bay, a laboratory experiment by Farrell and Ashton (1974) showed 
that A. marina seedlings lose leaf turgor and display necrosis following six 
consecutive nights at -4.5oC and over half of the seedlings died after the final night 
at -7oC. There was no correlation between seedling size and survival, damage to the 
plants occurred on the youngest stems and leaves and that after moving the 
surviving plants outside and watering them, all the remaining plants recovered and 
survived. The low temperature limits found by both Pickens and Hester (2011) and 
Farrell and Ashton (1974) are consistent with a recent study that found that 
frequency of -4oC events may be a threshold for the latitudinal limit of temperate 
mangrove forests. The study found mangrove forests in temperate Florida have 
been exposed to fewer days below this temperature over the last three decades 
and has led to a doubling of the expanse of mangrove forests in this area 
(Cavanaugh et al., 2014). 
Soil and vegetation surfaces lose heat and become susceptible to frost damage 
through the process of night-time radiative cooling by emitting long-wave radiation  
and this can be reduced by blocking exposure to the sky (Sakai & Larcher, 1987). 
The canopy of surrounding taller vegetation has been shown to be effective at 
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reducing frost damage to Metrosideros polymorpha seedlings planted beneath 
mature Acacia koa trees in the mountains of Hawaii (Scowcroft et al., 2000) and 
coffee plants planted beneath Mimosa scabrella trees in Brazil (Caramori et al., 
1997). There has been no quantitative research on frost protection provided to 
seedlings under mangrove forest canopies however some qualitative observations 
were made after a severe frost in a mature A. germinans forest where seedlings 
growing in open areas were more affected by frost than those growing in saltmarsh 
or beneath the mangrove canopy (Lugo & Zucca, 1977).  
High temperatures can also negatively affect mangroves through enzyme 
denaturation, membrane damage or causing the death of parts or whole plants 
(Krauss et al., 2008). A. germinans seedlings are particularly susceptible to high 
temperatures after setting roots prior to emergence of shoots and leaves 
(McMillan, 1971). In Western Port, Farrell and Ashton (Farrell & Ashton, 1974) 
tested the effect of high temperatures on mangrove propagules by immersing them 
in water of increasing temperatures for 2 hours at a time. They found that 
cotyledons began to blacken above 45oC while the leaf apex was much more 
sensitive and suffered 60% damage at the same temperature. 
1.3.3 Influence of salinity on mangrove regeneration 
A key characteristic of mangrove habitats is high water and sediment salinity. 
Mangroves are facultative halophytes that can persist in fluctuating salinities 
(Parida & Jha, 2010). They survive in environments that are regularly flushed by 
catchment freshwater input as well as in very saline areas that are less regularly 
inundated and subject to accumulation of salt via evaporation (Clough, 2013). 
Mangroves, therefore, have a wide range of salinity tolerance and optimal growth 
of mangrove seedlings occurs between salinities of 3 and 27 PSU (Krauss et al., 
2008). Outside this optimal range, growth of mangroves is reduced due to the need 
for restricting water loss by reducing stomata openings, which leads to a slowing of 
photosynthesis and transpiration rates (Ball & Farquhar, 1984). 
 39 
 
A. marina tolerates a very wide range of salinities and is found in upstream parts of 
estuaries where salinities are very low as well as in hypersaline depressions 
landward of the intertidal mangrove forest (Clough, 1984). A. marina grows in 
salinities of up to 80 PSU (Clough, 2013), but optimal growth rates are between 3 
and 18 PSU (Clarke & Hannon, 1970; Downton, 1982; Clough, 1984). Morrisey et al. 
(2010) recently compared temperate and tropical salinity tolerances of A. marina, 
which revealed that this species  and found that there was no difference between 
them. A. marina can withstand high salinities, but has slower, more stable growth 
rates across a range of salinities when compared to Aegiceras corninculatum, which 
co-inhabits mangrove forests in some temperate areas. A. corniculatum can 
outcompete A. marina in lower salinities, but growth is rapidly restricted relative to 
A. marina as salinities increase, thus allowing A. marina to dominate in more saline 
areas (Ball, 1988). In Western Port, Farrell and Ashton (1974) subjected 10 week old 
A. marina seedlings to various salinities for 10 weeks and found that optimal growth 
occurred between 9 and 26 PSU and that growth was not inhibited until salinities 
reached approximately 70 PSU.  
Salinity can also be important during the propagule dispersal phase of mangrove 
regeneration. Inhibited initiation of root growth occurs in A. germinans propagules 
at very high salinities (75 PSU) (McMillan, 1971). Additionally, Clarke and 
Myerscough (1991b) examined the effect of salinity on the buoyancy of A. marina 
propagules. They found that propagules lost their pericarps and sank more quickly 
in brackish water of around 4 PSU than those soaking in full strength sea-water (35 
PSU). In Mauritania on the other hand, A. germinans propagules were found to lose 
pericarps with a few hours at high salinities (40-50 PSU) (Dahdouh-Guebas & 
Koedam, 2001). Clarke and Myerscough (1991a) found that propagules soaking in 
the lower salinity water refloated after less time and attributed this phenomenon to 
rates of respiration by the propagules, which are higher in lower salinities and 
results in more schizogenous air spaces in the cotyledonary reserves.  
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1.3.4 Light regimes and intensity 
As mentioned above, high salinities can lead to a reduction in photosynthetic rates 
and, coupled with the high light exposure of many mangrove environments, can 
lead to damage to the trees through photoinhibition (Bjorkman et al., 1988). 
Photoinhibition impairs Photosystem II when there is an excess of excitation energy, 
or when more light is absorbed than can be utilised by photosynthesis (Krause, 
1988). However, mangroves (along with many other plants) avoid photoinhibition 
by using strategies such as changing leaf angle to reduce direct incidence of sunlight 
or using pigments in leaves to dissipate excess energy (Lovelock & Clough, 1992). 
There have been a number of studies examining the importance of canopy light 
gaps on regeneration of A. marina in temperate mangrove forests. These have 
shown that A. marina is best adapted to growing in full sunlight, but seedlings are 
able to survive for up to two years in the shade by utilising sunflecks, which can 
pierce a thick mangrove canopy (Ball & Critchley, 1982). Others have suggested that 
A. marina seedlings are shade tolerant until the end of their cotyledonary stage, 
which lasts between 3 and 12 months (Burns & Ogden, 1985). A further study 
compared the survival and growth of A. marina seedlings that were growing in 
natural canopy gaps and under adjacent canopies (Clarke & Allaway, 1993). This 
study found that there was no difference in the density or survival of seedli ngs 
between gaps and canopies, but found that growth of seedlings as well as density of 
saplings was greater in gaps indicating that light is an important resource for 
recruitment of A. marina seedlings to adult trees.    
1.3.5 Influence of biotic interactions on mangrove establishment 
The biodiversity associated with mangrove forests can play a role in affecting 
regeneration processes. Crab predation can influence mangrove propagule and 
seedling survival, and in some areas, crabs can consume almost 100% of dispersing 
propagules (Dahdouh-Guebas et al., 1998). However, crab predation appears highly 
variable, with negligible crab predation found elsewhere (Imgraben & Dittmann, 
2008). Crab predation of A. marina propagules has been found to be more common 
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under the forest canopy than in canopy gaps (Osborne & Smith, 1990; Clarke & 
Kerrigan, 2002). This difference was attributed to micro-climatic variation where 
crabs preferred the cooler shaded areas underneath the canopy. The number of 
tethered propagules in mangroves in Sydney was reduced by 61% when compared 
to those protected from small grapsid crabs (also found in Western Port, see Fig. 
1.5) but there was no significant difference between survival of protected and 
unprotected seedlings (Clarke & Myerscough, 1993). This indicates that A. marina is 
probably only susceptible to predation by crabs during the pre -establishment phase 
(Clarke & Allaway, 1993). 
 
Figure 1.5: Grapsid crab found on mudflats of Western Port Bay, 2013. 
Crabs can also significantly affect physical and chemical properties of mangrove 
sediments (Krauss et al., 2008). The burrowing habit of some crabs alters the 
microtopography of the forest floor through the creation of mounds. Warren and 
Underwood (1986) monitored the construction of these mounds in temperate 
mangrove forests near Sydney and found local increases in elevation of up to 55mm 
in four months as well as increases in coarse sediments by burrowing crabs. 
Additionally, Minchinton (2001) found that sediment surface heterogeneity 
influenced by crab burrowing (also near Sydney) affected dispersal and 
establishment of mangrove propagules. He found that on crab mounds, which were 
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more abundant under the forest canopy than in gaps, there was less abundant 
propagule settlement and establishment. However, higher growth of seedlings was 
displayed on the mounds due to coarser sediments that facilitated greater drainage, 
oxygenation and nutrient availability.  Crab burrowing may also be important in 
regulating soil chemistry, particularly soil sulphide and ammonium levels, which 
decrease with sediment aeration (Smith et al., 1991). 
Other biotic factors recognised as important in mangrove regeneration processes 
include pre-dispersal predation of A. marina fruit by phycitine moth larvae which 
was shown to reduce propagule survival by half in some Australian temperate 
mangrove forests (Clarke, 1992). Additionally, barnacles may reduce survival and 
growth of mangrove seedlings by settling on young stems and leaves (Fig 1.6), 
which is thought to interfere with respiration and photosynthesis (Hutchings & 
Saenger, 1987; Perry, 1988; Clarke & Myerscough, 1993; Hong, 1996). However, this 
was tested in Western Port Bay, but there was no significant difference in growth 
rates between barnacle encrusted and non-barnacle encrusted seedlings 
(Satumanatpan & Keough, 1999). However, the seedlings tested in this experiment 
were estimated to be two or three years old, and it is possible that younger 
seedlings may be more susceptible to adverse effects of barnacle encrustation. 
Satumanatpan and Keough (1999) suggested that other factors may be responsible 
for reducing survival and growth in Western Port Bay, including physical smothering 
by algae and seagrass wrack, which has also been recognised by others as a biotic 
factor affecting mangrove regeneration (Hong, 1996).  
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Figure 1.6: Barnacles attached to leaves and stem of mangrove seedling and surrounding 
pneumatophores in Western Port Bay, 2013. 
1.3.6 Importance of flooding regimes  
Regular tidal flooding is a characteristic feature of mangrove forests and results in a 
reduction in oxygen levels in the soil (Hutchings & Saenger, 1987). Oxygen levels of 
experimentally flooded sediments containing A. marina seedlings decrease by 
around 30% after six hours of inundation and by over 70% after 20 hours (Skelton & 
Allaway, 1996). Mangroves have adapted to low oxygen conditions via aerial roots, 
but young seedlings do not display these during early phases of establishment so 
other processes are important. For example, some species of mangrove seedlings 
have the ability to oxidise the soil immediately around the roots, which allows 
oxygen to be conserved by minimising the diffusion gradient for oxygen between 
the roots and sediment (McKee et al., 1988). This process may also act as a buffer to 
the toxic effects of sulphide accumulations, which are common in anaerobic soils 
(Yousef & Saenger, 1998). Additionally, A. marina seedlings conserve oxygen 
through a constriction in the pathway through which air flows to the roots at the 
junction between the root and hypocotyl (Yousef & Saenger, 1996).  
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Optimal flooding time for the growth of mangroves varies amongst species (Krauss 
et al., 2008). A. marina exhibits a relatively stable growth rate over a range of 
inundation durations compared to three other mangrove species (Aegiceras 
corninculatum, Bruguiera gymnorrhiza and Rhizophora stylosa) in China (He et al., 
2007). The effects of a range of flooding times (0, 2, 4, 6, 8, 10 & 12 hours) on the 
anatomy of A. marina seedling stems and leaves were investigated and a range of 
impacts were observed including an adverse impact on water storage, 
photosynthesis and mesophyll conductance with increased flooding duration (Xiao 
et al., 2009). The same study also determined that flooding durations greater than 4 
hours began to compromise structural and water transport elements in seedling 
stems. Hovenden et al. (1995) also observed a large reduction in root mass in A. 
marina  seedlings that were artificially inundated for greater than 4 hours. The age 
of A. marina may also affect its tolerance to flooding, with older plants (> 1m tall) 
showing no difference in photosynthetic rates between flooded or non-flooded 
locations (Naidoo et al., 1997). Other field studies examining the effect of flooding 
duration on survival and growth of mangroves appear to have found it difficult to 
isolate flooding duration from other factors. For example, A. marina seedlings 
grown in an upper and lower intertidal zone in both Iran and New Zealand displayed 
generally higher growth rates in the lower zone (Osunkoya & Creese, 1997; 
Mohammadizadeh et al., 2009). In both experiments, this was attributed to lower 
salinity levels and possibly higher nutrient levels found in the finer sediments of the 
lower intertidal zone. Conversely, the planted seedlings in New Zealand had better 
survival rates at a higher intertidal position supposedly due to lower wave action 
(Osunkoya & Creese, 1997). Seedlings growing at the seaward edge of the 
mangrove forest in Western Port Bay, where flooding duration was highest, were 
found to be susceptible to defoliation, which was attributed to exposure to wave 
action (Farrell & Ashton, 1974).  
To further add to the complexity of tidal flooding, longer-term flooding regimes can 
be greatly influenced by sedimentation and erosional processes, as well as sea-level 
fluctuations (Morrisey et al., 2010). As mangrove mudflats accrete, flooding 
durations decrease while the opposite occurs when they erode (Bird, 1986). At the 
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seaward edge, sedimentation has led to mangrove expansion in many temperate 
areas, as discussed above, as flooding durations become optimal for mangrove 
growth (Burns & Ogden, 1985; Morrisey et al., 2007). At the landward edge of the 
forest, ongoing accretion should theoretically result in replacement of the 
mangrove forest by a vegetation type that is tolerant to less frequent inundation, 
i.e. saltmarsh (Bird, 1986). However, rising sea levels and subsidence of saltmarsh 
mudflats due to drought induced groundwater reduction have combined to result in 
landward encroachment of mangrove forest at the expense of saltmarsh in many 
temperate areas (Rogers & Saintilan, 2008). 
The upper and lower tidal flat elevation limits for A. marina in temperate mangrove 
forests have been estimated to be between mean sea-level (MSL) and the high tide 
mark (Bird, 1986; Clarke & Myerscough, 1993) although the exact limits for the 
species has not yet been adequately described (Morrisey et al., 2010) most likely 
due to the dynamic nature of sea-level and sediment processes discussed above. 
Therefore, it appears that the importance of tidal flooding and limits to tidal 
elevation are complex and influenced by numerous other interactions, including the 
influence of hydrodynamic energy.  Therefore, the importance of hydrodynamic 
energy is discussed below. 
1.3.7 Importance of Hydrodynamic Energy 
Mangroves typically exist in sheltered environments (Rabinowitz, 1978; Hutchings & 
Saenger, 1987; Alongi, 2008), which implies that hydrodynamics, including water 
movement caused by tides, currents and waves, play a key role in determining 
suitable locations for mangroves to settle and survive. More specifically, there are a 
number of ways in which hydrodynamic energy affects regeneration processes 
including the dispersal of mangrove propagules, which is almost exclusively 
undertaken by the movement of water once they detach from the parent tree 
(Tomlinson, 2016). Additionally, the successful establishment and ongoing survival 
of new seedlings can be determined by hydrodynamic forces, which have the ability 
to physically remove young seedlings with recent root establishment, or sediment 
loads carried by incoming tides or river flow can smother seedlings or cause 
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undermining of root systems. The following sections discuss the role that 
hydrodynamic energy plays in the dispersal of mangrove propagules and early 
survival of seedlings.  
1.3.7.1 Hydrodynamic effects on seedlings 
Hydrodynamic energy can also affect young seedlings largely due to sedimentation 
and erosion processes that are driven by water movement. The most obvious result 
of a change in the elevation of mudflats within or adjacent to mangrove forests 
through the accretion or erosion of sediments is a change in the hydroperiod and 
therefore suitability of the mudflat for recruiting seedling survival and this has been 
discussed in detail above (Burns & Ogden, 1985; Bird, 1986; Ellis et al., 2004). At an 
individual seedling scale, some mangrove species, including Avicennia alba, can 
adapt to sedimentation and erosion processes. In accreting sediments, A. alba  
allocates growth preferentially to shoots, while in contrast, it assigns higher growth 
to roots in eroding sediments (Balke et al., 2013a).  
The hydrodynamic energy that contributes to sedimentation and erosion processes 
is also thought to be integral in determining lower elevation limits of many 
mangrove species, including Avicennia marina (Clarke & Myerscough, 1993). The 
effect of wave energy restricting mangrove regeneration has been observed and 
discussed frequently (Osunkoya & Creese, 1997; Swales et al., 2007), however until 
recently, these discussions have been largely qualitative (Morrisey et al., 2010). In a 
recent study, Balke et al. (2011) used flume studies to examine the effect of 
hydrodynamic forces on different stages of Avicennia alba seedling establishment, 
which revealed three critical thresholds for successful establishment. Firstly, 
individual mangrove propagules need periods of low hydrodynamic disturbance (i.e. 
between tides or during calm weather) to enable them to sufficiently anchor roots 
into the sediment. A. marina appears capable of multiple anchoring events if 
removed before roots are set by possessing successive sets of primordial roots if 
establishment fails (Osborne & Berjak, 1997). The second threshold involves 
developing roots of sufficient length to avoid being uprooted by currents and waves 
and the final threshold is overcome by root development being sufficient to 
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withstand episodic erosion of surrounding sediments, which can lead to their 
dislodgement (Balke et al., 2011). Friess et al. (2012) went on to explain that 
hydrodynamic energy is one of the two most important bottlenecks to successful 
colonisation of intertidal mudflats (the other being propagule supply). The 
relationship between mangroves and hydrodynamics at a single plant scale is well -
understood (as per Balke et al., 2011), but further study is needed at a larger scale 
(forest, system etc.) to understand the critical current velocities and wave heights 
that affect mangrove colonisation. This sentiment is shared by Lewis (2005) who 
discusses how a lack of understanding of the importance of hydrodynamics in 
mangrove ecosystems has led to the broad scale failure of  many mangrove 
restoration projects. 
In Western Port Bay, Farrell and Ashton (1974) also observed effects of 
hydrodynamic energy on mangrove regeneration. They found that young seedlings 
that are exposed to wave action on the seaward edge of the forest can be killed by 
strong waves that break the young and developing stem. The same study also 
reported that wave exposure can lead to seedlings becoming clogged with detritus, 
such as seagrass, and that this reduced apical growth of the seedlings. Finally, 
seedlings are most likely to be wrenched out of sandy soils, which are looser and 
therefore less able to anchor seedlings during exposure to strong waves. 
1.3.7.2 Hydrodynamic effects on propagules 
One of the distinguishing features of mangroves is that dispersal of their propagules 
is almost exclusively undertaken by water (Tomlinson, 2016). All mangrove 
propagules are buoyant to some extent, which varies among species (Tomlinson, 
2016). The buoyancy and shape of propagules can affect dispersal effectiveness. For 
example, Heritiera littoralis produces a low density propagule that floats higher in 
the water and also has a sail-like structure, which facilitates wind-driven dispersal 
(Van der Stocken et al., 2013). Avicennia propagules are more spherical (or ovoid) 
and less efficient wind dispersers. However, their dispersal is facilitated by 
remaining viable for many months of floating (Clarke, 1993). Clarke & Myerscough 
(1991a) found that A. marina propagules sank around 24 hours after shedding 
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pericarps, but had the ability to re-float after a few days. However, this was more 
common in brackish water rather than full-strength seawater (Clarke & 
Myerscough, 1991b). Clarke (1993) also found that most A. marina propagules were 
dispersed within 500m of the parent plant, but in surveying coastlines that were in 
close proximity to mangrove forests (including some in Victoria), he found that 
propagules could travel up to 50km from the parent tree. Farrell and Ashton (1974) 
found that A. marina propagules collected in Western Port Bay and constantly 
agitated (mimicking the turbulence that propagules are exposed to in water) 
prevented the initiation of further development of the propagules, which is also 
likely to facilitate greater dispersal distances. 
Studying the dispersal of mangrove propagules has been challenging in the past due 
to difficulties associated with mark and recapture experiments. For example, Clarke 
(1993) attempted to mark propagules with fish tags, incisions and pen marks but 
found that none of these techniques were effective at enabling identification after 
releasing them and also interfered with the pericarp and consequently propagule 
buoyancy. More recently, hydrodynamic models have been used to predict the 
dispersal of passive mangrove propagules. Di Nitto et al. (2013) used a 
hydrodynamic model to simulate the dispersal of propagules from four mangrove 
species in a lagoon in Sri Lanka. The model suggested that most propagules 
dispersed only short distances within the vegetation but a small percentage (~5%) 
managed to leave the lagoon. Additionally, the model showed that the smallest 
propagules from A. officinalis (which are a similar shape and size to A. marina 
(Duke, 1991)) were able to disperse the furthest. The study also found that 
modelling propagule dispersal was useful for predicting the effect of removing 
sections of dikes around abandoned shrimp ponds, allowing propagules to disperse 
for natural regeneration purposes. 
1.3.8 Interactive effects on mangrove regeneration 
Each of the previous sections have described a particular factor that is important in 
mangrove regeneration processes. Within these descriptions it is apparent that 
many of the factors interact, indicating that outside of a laboratory, it is difficult to 
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isolate the effect of a single factor. For example, sunlight has been shown to be 
essential for the development of mangrove seedlings (Ball & Critchley, 1982; Burns 
& Ogden, 1985; Clarke & Allaway, 1993), but in high salinity environments, excess 
light can lead to photoinhibition and damage a plant’s photosystem (Bjorkman et 
al., 1988).  The effect of high salinity also interacts with nutrient levels where the 
growth benefits received by nutrients are reduced with increasing salt 
concentrations (Naidoo, 1987, 2006). Higher nutrients in lower salinity 
environments can enhance mangrove growth and are usually found in greater 
concentrations within fine sediments which tend to store greater amounts of 
organic matter (Ellis et al., 2004; Alongi, 2009; Mohammadizadeh et al., 2009). 
However growth of mangrove seedlings has also been shown to be greater in 
coarser sediments with better drainage, oxygenation (Minchinton, 2001) and 
reduced sulphur toxicity (Smith et al., 1991). A larger sediment particle size may 
only be beneficial in some circumstances because coarser sediments can reduce 
anchoring of small mangrove seedlings (Farrell & Ashton, 1974; Balke et al., 2011).  
These are just a few examples of the many possible interactions that influence 
mangroves regeneration within a dynamic marine environment. The review of 
environmental drivers of mangrove establishment and early development by Krauss 
et al. (2008) also identifies a range of interactions that have been studied, but also 
highlights the need for further research on these interactions in the face of 
predicted climate change (Krauss et al., 2008). Additionally, Feller et al. (2010) 
explained that effective management and conservation of mangrove ecosystems in 
the future requires greater understanding of such interactions in order to focus 
management and conservation activities.  
Field studies that have examined multiple factors affecting mangrove regeneration 
in temperate areas include those by Clarke and Allaway (1993) and Clarke and 
Myerscough (1993). Clarke and Allaway (1993) investigated the effect of salinity, 
light and sediment types on A. marina seedlings, but found that mangrove 
establishment was independent of these factors and that propagule supply and 
hydrodynamic disturbance were more important. Clarke and Myerscough (1993) 
found that establishment of A. marina was driven by physicochemical properties 
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(e.g. salinity, soil moisture, sediment type) in the upper intertidal zone , but 
establishment was more affected by crab predation and competition from the algae 
Hormosira banksii in the lower intertidal zone. Clarke and Myerscough (1993) also 
suggested that successful seedling establishment was probably related to waves 
and currents, but they did not measure this. These two studies provide clear 
motivation to further explore the importance of hydrodynamic energy and develop 
an understanding of how hydrodynamic energy interacts with other factors to drive 
mangrove regeneration. For example, the flume study by Balke et al(2011) 
identified the need to investigate whether sediment type influences the ease with 
which seedlings are wrenched out by water movement and also the need to verify 
their results in the field. This is further emphasised by Friess et al. (2012) who 
explain that there is a vital need for broadening our understanding of the effect of 
hydrodynamics from the individual plant to a system scale and how this interacts 
with other biological and physical factors. This will then provide valuable direction 
to conservation management practitioners to considering these effects when 
planning and implementing restoration of mangrove ecosystems.  
1.3.9 Climate change and mangroves 
Impacts of climate change are acknowledged in previous sections largely because 
mangrove forests are expected to be one of the most highly impacted ecosystems 
(Loarie et al., 2009).  This section summarises climate change effects most relevant 
to mangrove ecosystems and discusses the beneficial role that mangroves can play 
in the face of significant environmental change. The combination of increasing sea 
levels, sea surface temperatures, altered rainfall patterns and the increased 
frequency and severity of storm surge events (IPCC 2013, BOM 2018) will all place 
increasing pressure on mangrove forests. However, not all of the predicted changes 
associated with climate change will be negative.  
Increasing CO2 may have a fertilising effect on mangroves and this effect has been 
observed in temperate terrestrial forests where water use efficiency has increased 
(Keenan et al., 2013). Increased water use efficiency associated with higher CO2 has 
also been observed in some tropical mangrove species, leading to greater growth 
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rates, but only at low salinities (9 PSU, but not 17 PSU) (Ball et al., 1997). This 
suggests that possible benefits of increased CO2 may not be realised in South-
eastern Australian estuaries where freshwater flushes will occur less often due to 
the predicted decrease in annual rainfall  (BOM, 2018). It is also worth noting that 
there are many physiological trade-offs associated with elevated CO2 and which also 
provide limitations to a simple fertilisation effect (Xu et al., 2015). Higher 
temperatures and decreased rainfall may also contribute to elevated salinities due 
to higher evaporation rates in mangrove forests (Hamilton & Casey, 2016). 
However, frost damage in temperate mangrove forests could be reduced. Increased 
storminess could have widespread detrimental effects on mangrove forests through 
physical damage to the trees, large-scale erosion and greater failure of mangrove 
seedling recruitment (Gilman et al., 2008; Balke et al., 2011). 
Undoubtedly, the aspect of climate change that is most discussed in the mangrove 
literature is the impact of sea level rise. The intertidal distribution of a mangrove 
forest is largely governed by flooding duration. Increasing sea-level will likely impact 
mangroves at lower tidal elevations due to the oxygen deprivation and other 
physiological effects (Ellison & Farnsworth, 1997). However, mangrove forests may 
keep pace with sea-level rise if the substrate increases at a similar rate. Substrate 
elevation change is influenced by a range of physical processes including 
sedimentation or erosion of surface sediments and groundwater movement as well 
as biological processes such as sub-surface root growth and above-surface organic 
matter accumulation (Krauss et al., 2014). A sufficient supply of catchment derived 
sediments is also vital for the sustained elevation of some mangrove substrates 
whereas mangrove forests in sediment starved environments rely more heavily on 
biogenic processes (McKee et al., 2007). Another way that mangroves adapt to sea-
level rise is to expand into landward areas as the tidal prism moves up the shore. 
However, this landward migration can be at the expense of adjacent coastal 
habitats and mangrove encroachment into saltmarshes is common in parts of 
temperate Australia, including Western port Bay (Rogers et al., 2005). Mangrove 
(and saltmarsh) migration to higher elevations will only be possible if the 
topography and/or presence of anthropogenic structures allows. If ste ep or 
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unsuitable terrain, or structures such as roads or other human infrastructure are 
present, this may lead to ‘coastal squeeze’, where available land for growth of 
mangroves and saltmarsh is progressively reduced as sea levels rise  (Kumara et al., 
2010). 
Despite the vulnerability to climate change, mangrove forests provide some 
valuable ecosystem services that are likely to mitigate climate change impacts, 
including the protection of coastlines from severe weather events and the 
sequestration and storage of carbon (Duarte et al., 2013). Mangroves are effective 
at reducing incoming wave energy and can therefore play a large role in mitigating 
damage caused by storm surges. This coastal protection function will be especially 
important where vulnerable human populations and infrastructure are found on the 
landward side of mangrove forests (Arkema et al., 2013). The level of protection 
afforded by mangrove forests depends on a range of forest characteristics, such as 
forest width and height, tree density, root structure, soil texture and type of 
adjacent marine and terrestrial habitats (Mazda & Wolanski, 2009). Additionally, 
the size and strength of waves are also important factors that will determine how 
effectively mangrove forests provide protection (Balke et al., 2014). For instance, 
mangrove forests along the coastlines of the Indian Ocean provided protection 
against the 2004 tsunami in some areas (Dahdouh-Guebas et al., 2005), but the 
magnitude of the energy produced by such a wave meant that mangrove forests 
had little protective influence along many coasts (Alongi, 2008).  
Mangrove forests also play a significant role in the carbon cycle that is at the centre 
of the phenomenon of global warming. Mangrove forests are thought to be up to 
forty times more effective at storing organic carbon than terrestrial ecosystems 
(Mcleod et al., 2011). This accumulation of carbon is partially due to primary 
productivity of the forests, but also their ability to trap large amounts of organic 
carbon derived from terrestrial or marine areas. In fact, despite the global extent of 
mangrove forests being less than 3% of the extent of terrestrial forest, it is 
estimated that they trap and bury similar amounts of carbon to terrestrial forests 
per year (Duarte et al., 2013). Once carbon is buried in a mangrove forests, it can 
remain trapped for millennia due to hypoxic soils, which prevent carbon 
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remineralisation (Souza Filho et al., 2006). A recent inventory of carbon stocks in 
Victorian seagrass, saltmarsh and mangrove habitats found that carbon in 
sediments was between two and three times higher when compared to the global 
median (Carnell et al., 2015). 
1.4 RESTORATION OF MANGROVE ECOSYSTEMS 
The above sections have described the common characteristics of mangrove 
ecosystems, especially temperate systems, and discussed the complex array of 
factors that can affect their natural regeneration. Additionally, historical 
mistreatment, coupled with the purported importance of mangroves for 
combatting impacts of climate change mean that mangrove restoration is important 
for governments that want to reduce net carbon emissions and for coastal 
managers who want to protect coastlines from climate change driven coastal 
storms. However, the practice of mangrove restoration has been fraught with 
difficulties and low success rates and there are certainly opportunities to improve 
restoration methods used to ensure greater success. This section reviews the 
literature on mangrove restoration, including relevant examples within temperate 
mangroves and Western Port Bay. 
The terms ‘restoration’ and ‘rehabilitation’ are often used interchangeably but 
some have emphasised a clear distinction between the two. Field (1998) describes 
restoration as the return to an ecosystems ‘original’ condition whereas he defi ned 
rehabilitation as the process of returning a lost ecosystem function or structure. 
This distinction has been described by some as important for clarifying management 
goals and monitoring outcomes (Dale et al., 2014) but the majority of recent 
literature uses the term restoration to describe both. For consistency with recent 
research, the term ‘restoration’ is predominantly used throughout this thesis.  
1.4.1 Ecological restoration 
According to the Society for Ecological Restoration (SER), ecological restorati on is 
defined as “the process of assisting the recovery of an ecosystem that has been 
degraded, damaged, or destroyed” (SER, 2004). A key part of this definition is the 
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assumption that an ecosystem has undergone some form of disturbance and this 
may be natural or caused by humans. Disturbance is a fundamental ecological 
principle which can be defined as a “significant and often irreversible change in 
environmental conditions, population size, community composition and/or the 
magnitude and direction of some ecosystem - level process – typically by reducing 
numbers of individuals, species or habitat” (van Andel et al., 2012). The ability of an 
ecosystem to recover after a disturbance depends on its resilience which is the 
characteristic of a system that allows it to return to its former state through natural 
regeneration processes (Gunderson, 2000). If the ecosystem is unable to recover 
through these natural processes, it may have passed a threshold of irreversibility 
and shift to an alternative stable state (Fig 1.7). The reversal of this new state to the 
former, more desired state requires human intervention and this is where 
restoration ecologists and practitioners are required (van Andel et al., 2012). 
 
 
Figure 1.7: Ecosystem resilience and alternative stable states. An ecosystem at state A is affected 
by disturbance and its resilience allows it to recover unless it crosses the threshold at B and 
continues to become the alternative stable state C. This new stable state requires human 
intervention through restoration to push the ecosystem back to state A.  Adapted from (Van Andel 
& Aronson, 2012). 
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Restoration ecology is the study of ecological concepts, models, methodologies and 
tools which support restoration practitioners (SER, 2004). The study of ecological 
restoration has been identified as an acid test of well -established and studied 
ecological theories and its practical nature has led to the further development of a 
number of these (Bradshaw, 1987). Restoration ecology can also help to develop 
reliable restoration techniques, which are vital for the success of restoration 
projects. Generally, restoration techniques are divided into active or passive 
techniques, with active techniques including direct planting of indigenous seeds or 
seedlings or the construction of artificial habitats, while passive techniques involve 
the removal of environmental stressors that prevent natural recovery (Perrow & 
Davy, 2002).  
1.4.2 Mangrove Restoration 
Mangrove restoration is common around the world, including areas where forests 
have been subject to removal for pond aquaculture, coastal development or badly 
damaged by tsunamis or cyclones. For example, almost 30 million mangroves were 
planted in Indonesia after the 2004 Indian Ocean Tsunami, which devastated large 
lengths of coastline (Wibisono & Suryadiputra, 2006). Similarly, 440 million 
mangrove seedlings were planted over twenty years in the Philippines to restore 
the 75% of mangrove forests that had been lost between 1950 and 1990 (Samson & 
Rollon, 2008).  Restoration activities are not only restricted to tropical regions. 
There have been numerous projects undertaken in sub-tropical and temperate 
areas of Australia. In Brisbane, a 6.2km length of tidal canal was planted with 
around 50,000 A. marina and Aegiceras corniculatum seedlings to reduce bank 
erosion of the canal (Saenger, 1996). Additionally, mangrove restoration projects 
have been undertaken in New South Wales estuaries in response to historical 
clearance or disturbance from recreational activities (Stewart & Fairfull, 2008). In 
Western Port Bay, mangrove restoration has been occurring for over a decade, 
largely to address severe coastal erosion that is a natural process in some areas, but 
is caused by the historical removal of the forest in others (Boon et al., 2011). 
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Mangrove restoration around the world has been plagued by low success rates. 
Massive restoration projects in Indonesia and the Philippines yielded survival rates 
of 40 – 60% (Wibisono & Suryadiputra, 2006) and 10 –20%, respectively (Primavera 
& Esteban, 2008). In fact, a recent review of global mangrove restoration projects 
revealed that the average survival rate was around 50%, although this figure may be 
overestimated due to the tendency for reporting successes, but not failures 
(Bayraktarov et al., 2016). The mangrove restoration projects in Western Port Bay 
have also experienced very low survival rates and in some circumstances, no 
survival whatsoever (Western Port Seagrass Partnership, 2008b, 2016).  
Causes of mangrove planting project failure are well-documented. For example, the 
lack of success in the mangrove restoration projects after extensive tsunami 
damage to coastal areas in Southeast Asia was reviewed by the United Nations 
Environment Programme (UNEP). UNEP attributed low success rates to a number of 
factors, including a lack of training to ensure the correct skills are obtained to 
effectively implement mangrove restoration, attempting to establish mangroves in 
unsuitable areas, selection of mangrove species that are inappropriate for a given 
restoration site, conflicts of interest by those administering restoration projects, 
little to no post-planting maintenance and a lack of monitoring and evaluation 
activities built into projects (UNEP, 2007). Some of these factors are the result of 
administrative failings that must be addressed through improved governance 
arrangements for restoration projects, however others are indicative of a lack of the 
ecological knowledge that is vital for effective restoration of degraded ecosystems. 
Many of the factors causing mangrove restoration failure are relevant to restoration 
projects in temperate regions. However, given that many temperate mangrove 
forests exist in more developed parts of the world, legislative prote ction of coastal 
land is more common and conflicts of interest are less common due to higher 
governmental stability. On the other hand as discussed above, many temperate 
mangrove forests are expanding and therefore interfering with commercial and 
recreational users of mangrove-lined estuaries (Morrisey et al., 2010). Mangroves 
therefore are often regarded as ‘weedy’ and the value of their restoration is 
sometimes difficult to convey.  
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Lewis (2005) discusses a number of steps that should to be followed to improve the 
chances of developing a successful mangrove restoration project. These steps begin 
with gaining a good understanding of the ecology of the target mangrove species, 
with an emphasis on understanding the drivers of propagule production and 
dispersal as well as seedling establishment. Given the importance of hydrology (i.e. 
flooding) in mangrove ecosystems, Lewis suggests that an understanding of pre -
disturbance patterns of hydrology at a given restoration site be developed as well 
as how the modification of these hydrologic patterns may have affected the local 
ecology and prevented natural regeneration. This understanding can then be used 
to restore the normal hydrology to restoration sites and natural regeneration 
(passive restoration) can be allowed to take place again. This process, coined 
Ecological Mangrove Restoration (EMR) by Lewis, has been used to restore 
mangroves without the need for planting in a number of mangrove restoration 
projects. For example, an area of the India River Lagoon in Florida, USA, which had 
been impounded for mosquito control underwent massive losses of flora and fauna 
that depended on regular tidal flooding. When culverts were installed in the dykes 
that had been established for impoundment, a more natural hydrology was 
restored and many salt tolerant plants, including three species of mangrove¸ 
recovered within three years (Brockmeyer Jr. et al., 1997). Also in Florida, a number 
of activities were undertaken to restore the hydrology of a degraded mangrove 
forest including the removal of invasive vegetation, dredging of large quantities of 
sediment, re-grading the site to re-establish suitable intertidal zones for mangrove 
establishment and construction of new tidal channels to assist with flooding and 
drainage functions (Lewis et al., 2005). The result was an increase in mangrove 
cover from approximately 5% to 95% within five years.   
The above examples have been successful in restoring mangroves without the need 
for planting because there was a reliable supply of propagules being naturally 
imported to the restoration sites. Lewis acknowledges that if propagule supply is 
limited, then restoration through planting may be required (Lewis, 2005). 
Furthermore, even when propagules are being produced nearby and are able to 
disperse into a degraded site, the hydrodynamic conditions (i.e. strong currents and 
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waves) may prevent them from becoming established due to the inability to pass 
the propagule settlement and seedling establishment thresholds suggested by Balke 
et al. (2011). Consequently, mangrove restoration by active means (i.e. planting 
nursery raised seedlings) remains a crucial tool for restoration practitioners. Indeed, 
the vast majority of mangrove restoration projects compiled by Bayraktarov et al. 
(2016) consisted predominantly of planting activities.  
1.4.3 Mangrove Planting Techniques  
A large number of mangrove restoration guidelines have been produced around the 
world, with the majority focusing on active methods of restoration (Sinohin & 
Baconguis, 2000; Ravishankar & Ramasubramanian, 2004; Brown & Lewis, 2006; 
ISME/ITTO, 2008; Chan & Baba, 2009; Kairo, 2010; Ealey, 2011; Hong et al., 2014). 
Most of these guidelines generally discuss the different methods of planting 
(nursery raised vs transplanted seedlings vs direct seeding), types and set up of a 
nurseries, propagule collection techniques, considerations when planting nursery 
raised seedlings and monitoring and evaluation techniques. Each of these stages 
will be briefly summarised in the following sections. 
1.4.3.1 Planting Methods 
A number of options for mangrove planting exist and include raising seedlings in a 
nursery from propagules collected from local sources, transplanting of wild 
seedlings and the direct planting of propagules at a restoration site (Brown & Lewis, 
2006). Transplanting refers to moving naturally established seedlings (or wildlings) 
in a mangrove forest to a new location. This method has been found to be 
successful in some projects. For example, a project that involved transplanting 
seedlings that were less than 30cm tall by either retaining a soil root ball or 
removing all soil had an approximately 80% survival rate (Saenger, 1996). However, 
transplanting wild seedlings can lead to damage to root systems and significantly 
reduce survival rates in the field (Hong, 1996; Ravishankar & Ramasubramanian, 
2004). This was observed in Western Port Bay where transplanting trials resulted in 
a lower survival rate than nursery raised seedlings (Ealey, 2008).  
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Direct planting of propagules is a method that is used commonly in tropical areas, 
especially elongated propagules of Rhizophora, Bruguiera and Ceriops (Chan & 
Baba, 2009). Propagule planting can be a successful method in very sheltered 
environments within the appropriate inundation regime (Anwahi et al., 1998) and 
can significantly reduce the costs of a restoration project due to the reduction in 
nursery costs (Kairo, 2010). There are also opportunities for innovative solutions 
that can vastly increase the speed of planting activities and reduce costs, for 
example a helicopter was used to rapidly plant Rhizophora propagules in Florida 
(Teas, 1977). However, propagule planting can result in exposure to predation by 
crabs, which has reduced survival rates by up to 50% when compared to planting 
seedlings (Ravishankar & Ramasubramanian, 2004). Additionally, in less sheltered 
environments, planted propagules have been susceptible to being washed out by 
strong currents or waves, however temporarily holding them in place with chicken 
wire or seagrass matting may provide some protection (Saenger, 1996; Stewart & 
Fairfull, 2008).  Direct propagule planting techniques have been trialled in 
temperate mangroves, including Western Port Bay, and have been reported to 
result in higher growth rates than nursery raised or transplanted seedlings, however 
ongoing survival rates have been less successful than those from seedling planting 
(Ealey, 2008; Stewart & Fairfull, 2008). 
1.4.3.2 Mangrove Seedling Nurseries 
Ensuring that a nursery is suitably located and set up is a key consideration that can 
affect the success of a mangrove restoration project (UNEP, 2007). Many nurseries 
are established within the intertidal zone close to the restoration site and these 
have the advantage of lower transportation and material procurement costs, 
avoiding the need for watering the plants and exposing the seedlings to natural 
conditions (Soemodihardjo et al., 1996; Ravishankar & Ramasubramanian, 2004). 
Where establishment of intertidal nurseries is not possible, existing commercial 
nurseries can be adapted to grow mangroves. A commercial nursery has been 
modified to include a series of fibreglass baths into which saline water is pumped 
twice a day from a central tank to produce seedlings for restoration projects in 
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Western Port Bay (Hurst, 2013).  After their collection, propagules are planted into 
pots or polyethylene bags that contain locally derived or imported soil (Sinohin & 
Baconguis, 2000; Ravishankar & Ramasubramanian, 2004; Chan & Baba, 2009). 
Coated, biodegradable cardboard cartons have been used in Western Port Bay, and 
this container is not removed before planting to avoid root damage (Western Port 
Seagrass Partnership, 2008a).  
1.4.3.3 Collecting Mangrove Propagules 
Techniques for propagule collection varies across the literature, which is probably 
due to localised differences in mangrove phenology within and across different 
species.  In terms of collection method, some sources recommend picking straight 
from the tree (Sinohin & Baconguis, 2000) while others suggest that propagules 
should be collected from the ground beneath the trees (Saenger & Siddiqi, 1993; 
Stewart & Fairfull, 2008; Chan & Baba, 2009). Indicators of propagule ripeness 
varies between species, for example Avicennia marina propagules turn yellow and 
small cracks may appear in the pericarp (Hong, 1996; Kairo, 2010). Others use 
minimum propagule size as an indicator of ripeness (Ravishankar & 
Ramasubramanian, 2004; Brown & Lewis, 2006; Kairo, 2010), however, propagule 
size can vary across regions, especially within temperate areas (Morrisey et al., 
2010). Most guidelines that have been reviewed discuss the importance of ensuring 
that collected propagules have not been damaged by insects (Sinohin & Baconguis, 
2000) or crabs if they have been collected from the ground (Dahdouh-Guebas et al., 
1998). The quality of mangrove propagules can be further reduced by the effects of 
desiccation if they have been collected or stored for too long since being abscised 
from the parent tree (Farrant et al., 1986). 
1.4.3.4 Planting Mangrove Seedlings 
Determining the readiness of seedlings for planting also varies across the literature. 
Some suggest that seedlings should be kept in the nursery for a defined period and 
this is often driven by the length of time between the fruiting season and the time 
of year which is optimal for planting (Sinohin & Baconguis, 2000; Ravishankar & 
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Ramasubramanian, 2004). Others advise that a minimum height of seedlings should 
be achieved before planting to ensure that their development has reached a stage 
which can withstand the stresses of the restoration site (Stewart & Fairfull, 2008; 
Chan & Baba, 2009; Motamedi et al., 2014). In Western Port Bay, the length of time 
that seedlings can be stored in the nursery is restricted by their tendency to cease 
growth over the cold winter months (Ealey, 2011). The process of ‘hardening’ 
seedlings before planting is recommended by some and consists of reducing shade 
cover (if used) gradually over a period of one or months (Sinohin & Baconguis, 2000; 
Chan & Baba, 2009). Similarly, seedlings that have been raised in water that is less 
saline than that of the restoration site should be acclimatised by steadily increasing 
salinity over a period of a few weeks (Bhat et al., 2004) .  
When planting mangrove seedlings, the spacing between each plant should be 
based on reduction of competition effects. In a Brisbane restoration project, it was 
found that 1.5m spacing had minimal competition effects after 4 years of growing 
(Saenger, 1996). However, an appropriate planting density may depend on the 
productivity of the mangrove forest, for example in Bangladesh, mangroves were 
planted at 1m spacing and had to be thinned by 50% after ten years growth due to 
congestion (Saenger & Siddiqi, 1993). In Iran, seedlings were found to have higher 
growth rates when planted 0.5m apart than 1m apart. In New Zealand, no 
differences in growth were detected across three planting densities, so planting at 
lower densities can be more cost effective in some circumstances (Osunkoya & 
Creese, 1997). Alternatively, survival of R. mucronata plantings increased with 
density above 1/m2 in Sri Lanka (Kumara et al., 2010). In Western Port Bay, most 
restoration projects have used an approximate 1m spacing planted in three rows. 
This spacing is used as a practical method based on observation of older plantings 
done at the same spacing which have a continuous canopy and do not appear to be 
restricted by competition between plants (Ealey, 2010). 
In some circumstances, additional measures are suggested to improve the 
likelihood of survival in the presence of waves and currents (Balke & Friess, 2015). 
There are a range of measures available that are designed to provide protection for 
individual plants or large areas of plantings. For example, PVC tubes have been 
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placed around young mangrove seedlings in order to provide increased stability of 
stems that have a tendency to break while being buffeted by currents and waves 
(Riley & Kent, 1999). Similarly, anchored armoured concrete cultivar pots have been 
used to increase survival rates of Rhizophora mangle along high energy coastlines in 
the Cayman Islands (Krumholz & Jadot, 2009). Alternatively, in order to protect a 
large number of planted mangrove seedlings in Malaysia, a series of rock structures 
were built on the seaward side of a restoration site to provide a calmer water 
environment in which they would more readily establish (Hashim et al., 2010). 
These  structures were not particularly successful in helping planted mangroves 
become established, but were much more effective at facilitating natural 
recruitment of seedlings from propagules that had dispersed into the protected 
area (Tamin et al., 2011). This method has also been successfully used in the 
temperate estuaries of New South Wales where rock fillets have been established 
along the estuary banks to encourage survival of planted seedlings as well as natural 
recruitment (Stewart & Fairfull, 2008). 
1.4.3.5 Maintenance and Monitoring and Evaluation 
Limited maintenance and monitoring of restored seedlings  was identified by UNEP 
as a significant cause of many failed mangrove restoration projects (UNEP, 2007). 
Newly planted seedlings can be killed by a range of different causes including insect 
or weed infestation, grazing by native or stray domestic animals or smothering by 
floating debris (Sinohin & Baconguis, 2000; Ealey, 2011). All of these causes are 
avoidable if plantings are visited regularly and action is taken to rectify them. 
Regular maintenance also allows the opportunity to monitor the progress of a 
restoration project. Monitoring of mangrove restoration projects is essential to 
determine the success of the project in relation to its original goals. Factors that can 
be considered when monitoring include measuring growth over time (stem 
diameter, height, stem diameter to height ratio, leaf number etc.), plant 
development characteristics (node production, phenology, fruiting etc.), seedling 
survival rates, impact of pests and/or diseases, occurrence of rubbish or debris, 
external pressures (grazing, vandalism etc.), cost of restoration project and 
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assessment of biological characteristics in relation to undisturbed mangrove forests 
(Field, 1998).  Additionally, any factors that are causing stress by reducing biomass 
production (e.g. salinity, climatic factors etc.) or causing biomass destruction (e.g. 
smothering by sediments, fire, livestock grazing etc.) could also be monitored 
(Grime, 1989). Monitoring also allows the early detection of factors that may be 
causing failure and timely action can be taken to remedy them (UNEP, 2007). 
1.5 OVERALL STUDY DESIGN 
It is widely recognised that successful mangrove restoration is particularly 
challenging and the major aim of this thesis is to develop a better understanding of 
the factors that influence the success of mangrove restoration activities in a 
temperate climate. The research questions in this thesis were guided and designed 
to build on the Ecological Mangrove Restoration method (Lewis, 2005) to help 
achieve the main objective of this study. This began with gaining an understanding 
of natural regeneration patterns in Western Port Bay through the use of field 
measurements and historical photography. This information was then used to 
design field planting and nursery experiments to further examine factors that 
prevent mangrove restoration success. Finally, a bay-wide investigation into the 
biophysical conditions of mangrove habitat that are influencing the early life history 
of A. marina was conducted in order to obtain further clues for enhancement of 
restoration activities. A summary of the research questions and approach is 
presented below. 
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Research Question Approach 
 
Chapter Two 
How do the key structural 
characteristics of mangrove forests 
vary across Western Port Bay? How has 
density and extent changed over time 
in response to disturbance? What 
potential stressors can be identified? 
 
 
 
Description of mangrove forests of 
Western Port Bay based on bay-wide 
survey of forest characteristics. Use of 
historical photography to determine 
patterns of regeneration in disturbed 
mangrove forests and stressors that 
may be preventing regeneration 
 
 
Chapter Three 
How does inundation duration and 
proximity to remnant stands of 
mangrove forest influence survival and 
growth of planted mangrove 
propagules and seedlings?  
 
 
Field experiment consisting of the 
planting of mangrove seedlings and 
propagules at different heights on the 
shore and different distances from 
remnant stands on mangrove forest. 
Measurement of physical factors (water 
movement and sediment 
characteristics) to determine influence 
on mangrove growth and survival.  
 
Chapter Four 
How do propagule harvesting 
techniques influence mangrove 
restoration success? 
 
 
Nursery experiment that monitored 
survival and growth of seedlings from 
propagules of varying size collected at 
different times over fruiting season 
from trees or ground beneath the 
trees. Field experiment to determine 
whether larger seedlings grown in 
nursery translated to higher survival 
after planting in the field. 
 
Chapter Five 
How can an updated understanding of 
the mangrove ‘regeneration niche’ lead 
to better planning of mangrove 
restoration projects? 
 
 
Bay-wide survey of propagule 
stranding, seedling establishment and 
early survival and how they are 
affected by a range of field collected 
and modelled variables. Comparison of 
results inside versus outside of forest to 
provide clues for designing more 
effective mangrove restoration projects 
in disturbed areas. 
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Chapter 2 
 
 
Mangroves of Western Port Bay: Past 
and Present 
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2.1  INTRODUCTION 
This chapter aims to introduce the study area by providing a broad description of 
the Western Port Bay environment and a detailed physical description of mangrove 
forests across the bay. This is partly based on data collected as part of work detailed 
in chapter five. It also provides some historical context about disturbances to 
mangrove forests that have occurred across the bay since European settlement. 
Additionally, an analysis of historical photography in three areas of patchy 
mangrove forests that have been subject to historical disturbance was undertaken 
as a means to describe patterns of regeneration during the past few decades.  
2.1.1 The Western Port Bay Environment  
Western Port Bay is a large tidal embayment located around 70km southeast of 
Melbourne, Victoria (Fig 2.1). Two large islands, French Island and Phillip Island, 
exist within the bay along with a number of smaller islands. The bay is a former 
sunkland that was inundated during the Holocene period and now drains a 
catchment of around 3,250 km2 (Dale, 1974). The major river systems draining into 
the bay are the Cardinia and Yallock Creeks, the Bunyip, Lang Lang and Bass Rivers 
as well as a number of smaller waterways draining from the Mornington Peninsula 
and islands. The catchment geology of Western Port Bay is mixed and ranges 
between Quaternary sediments and much older volcanics (Marsden et al., 1979). 
Before European settlement many of the larger waterways draining the northern 
and north-eastern catchments terminated in large swamps, and these significantly 
reduced freshwater input and sediment delivery to the bay. The swamps were 
drained during the late 19th and early 20th centuries to allow agriculture to develop 
in the region and consequently sediment input to the bay has increased greatly 
since that time (May & Stephens, 1996). The increased deposition of fine sediments 
derived from the catchments is a major issue for Western Port Bay and has been 
implicated in the die-back of significant areas of seagrass meadows (Bulthuis & 
Woelkerling, 1983). In addition to the catchment sediment that is deposited into 
the bay, there are areas of substantial coastal erosion, possibly exacerbated by 
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swamp drainage, along the north eastern coastline, which are also contributing a 
large sediment load to the marine environment (Wallbrink et al., 2003).   
 
Figure 2.1: Western Port Bay with major waterways and relevant townships shown. Avicennia 
marina distribution shown in black as mapped by Boon et al. (2011). 
 
Interaction between the bay and the ocean occurs through the two entrances on 
either side of Phillip Island. The larger western entrance, along with the prevailing 
westerly wind direction, results in a net clockwise circulation of the bay’s waters 
around French Island (Melbourne Water, 2011). Fine sediments that have been 
deposited in the northern parts of the bay are generally pushed towards and 
deposited in Pioneer Bay and to the northeast of Phillip Island (Wallbrink et al., 
2003). Semidiurnal tides range between 2.3m around the entrances to 3.1m during 
spring tides in the north eastern part of the bay near the tidal divide (Marsden et 
al., 1979). Given the high flushing rates of the bay, salinities are generally similar to 
that of oceanic waters in Bass Strait (35 PSU), however during late summer and 
during extended periods of low freshwater input, salinity can increase  (to a 
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maximum of 37 PSU), particularly in the north east of the bay (Melbourne Water, 
2011).  
The climate in southern Victoria is described as temperate with cool wet winters 
and warm summers and there is no substantial dry season (Peel et al., 2007). 
Annual mean rainfall at Rhyll on Phillip Island is 665mm and mean maximum and 
minimum temperatures are 18.5°C and 11.6°C, respectively (BOM, 2017). Less than 
one day per year receives temperatures of less than 0°C at Rhyll, however cold air 
drainage through the low-lying agricultural areas in the northern catchments results 
in a greater frequency of frosts in those parts (Shapiro, 1974). Mean sea-surface 
temperatures in the bay range from 11°C during the winter to 21°C at the height of 
summer in January. 
Western Port Bay itself covers an area of 680km2 which includes around 270km2 of 
intertidal mudflats. There is approximately 263km of coastline in Westernport Bay, 
40% of which is fringed by a band of  mangroves, Avicennia marina, growing in the 
intertidal zone (Clough & Attiwill, 1975). The most recent estimate of the areal 
coverage of mangrove forest in Western Port Bay is approximately 1815 ha (Boon et 
al., 2011) and the width of the mangrove fringe is generally less than 100m but in 
some areas is greater than 300m (Bird, 1986). The largest mangrove forests are 
found along the western shorelines and inlets between Hastings and Tooradin, the 
northern and north western coast of French island and Rhyll Inlet on Phillip Island. 
The remaining mangrove forests are somewhat narrower and patchier due to a 
combination of human disturbance and unsuitable habitat. 
On the landward edge of the mangrove fringe, large areas of diverse saltmarsh 
exist, dominated by Sarcocornia and Tecticornia species (Boon et al., 2011). In the 
bay itself, seagrass meadows are present with Zostera species found on the 
intertidal and shallow subtidal mudflats with Amphibolis antarctica existing in the 
deeper areas near the western entrance (Bulthuis, 1981; Melbourne Water, 2011). 
The coastline behind the mangroves and saltmarshes varies from heathy woodland 
on sandy soils, to alluvial swampland now utilised for agriculture, to bluffs formed in 
various rock formations (Bird, 1986).  
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The mangrove forests of Western Port Bay are an integral part of the saltmarsh- 
mangrove-seagrass complex that has been recognised as internationally significant 
by the Ramsar convention (Parks Victoria, 1999). This wetland complex supports a 
number of migratory birds listed in the Japan-Australia Migratory Birds Agreement 
(JAMBA) and the China-Australia Migratory Birds Agreement (CAMBA). Mangroves 
in Western Port Bay provide important feeding and nursery areas for fish species 
residing in Western Port Bay (Parks Victoria, 2007). Hindell and Jenkins (2004) found 
that mangrove forests in temperate Australia supported slightly lower diversity but 
more than twice the abundance of fish found in adjacent mudflat areas. They also 
found that many fish within the mangrove forest were juveniles, supporting the 
theory that mangroves provide an important nursery function for fish.  
It is estimated that mangroves are responsible for the cycling of around 390 tonnes 
of nitrogen and 26 tonnes of phosphorus in Western Port Bay annually, although a 
large proportion of this cycling is undertaken in the root systems of the mangroves 
and nutrients are not freely available (Shapiro, 1974). Shapiro’s (1974) study 
warned that if mangroves were to be removed, the resulting erosion of the 
mudflats would result in the release of a large amount of nutrients and cause 
widespread eutrophication. Additionally, the sediments of the mangrove forests in 
Western Port Bay are storing significant quantities of carbon which would similarly 
be lost if their removal occurred (Carnell et al., 2015). This carbon storage is the 
result of the important role that mangrove forests across the world play in peat 
formation (Ezcurra et al., 2016). 
2.1.2 Past descriptions of the mangrove forests of Western Port Bay 
There have been various descriptions of the mangrove forests of Western Port Bay, 
many of which were summarised by Ross (2000). One of the earliest quantitative 
studies was undertaken by Calder (1972) who established twelve transects across 
the width of the saltmarsh on the western coastlines of the bay. Although largely 
surveying saltmarsh species percentage coverage using the Braun-Blanquet method 
(Braun-Blanquet, 1932), Calder’s transects also included the most landward 
mangroves.  A more comprehensive study was undertaken during the 1970’s on the 
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peripheral vegetation of Western Port Bay by Bridgewater and Hughes (1974). This 
study established over 400 5m x 5m quadrats across the coastal vegetation of 
Western Port Bay and, similar to Calder, measured areal cover of resident flora 
species using the Braun-Blanquet cover/abundance scale. However, only fourteen 
of the quadrats were placed within the mangrove forest with the majority of 
quadrats used to determine species distribution throughout the diverse sal tmarshes 
of Western Port Bay. Attiwill and Clough (1974), during their study on mangrove 
and seagrass nutrient cycling, measured stem density, tree height and canopy cover 
along a six meter wide transect at two sites. These sites were within forests situated 
within mature forests along the west coast of the bay that had not been subject to a 
great deal of historical disturbance. A similarly mature forest was also selected by 
Jaremovic et al. (1992) north of Stony Point to undertake a detailed study of 
mangrove forest structure and mangrove sediment infauna. They measured tree 
height, tree density and trunk diameter at the base of each tree within twelve 
quadrats. 
Other descriptions of the mangrove forests of Western Port Bay appear to be 
largely observational or incidental. For example, Eric Bird (Bird, 1974; Bird & Barson, 
1975; Bird, 1986) undertook several studies focussing on the mangroves of Western 
Port Bay but, being a geomorphologist, was generally interested in the role that 
mangroves play in sediment dynamics. His most explicit measurements of 
mangrove forest structure involved determination of pneumatophore densities and 
patterns for the purpose of installing artificial pneumatophore fields to simulate 
their role in sediment accretion and erosion (Bird, 1986). Additionally, a number of 
studies have included brief, observational descriptions of some characteristics of 
the mangrove forests of Western Port Bay, most commonly the height of the forest 
(Macnae, 1966; Ashton, 1972).  
Overall, it appears that descriptions of the physical characteristics of the mangroves 
of Western Port Bay are scarce and biased towards the mature forests found along 
the western and northern shores of the bay. It is important to have information 
about these characteristics as they can be indicators of forest health and 
development and also can be surrogates for biodiversity monitoring. For example, 
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high densities of pneumatophores can facilitate retention of algae which in turn 
provides habitat for a range of epifaunal molluscs (Bishop et al., 2013). Additionally, 
the density of crab burrows has been shown to have a strong relationship to the 
density of crabs, a key faunal element of mangrove forests (Warren, 1990). 
2.1.3 Historical changes in the mangrove forests of Western Port Bay 
In contrast to the scarcity of physical descriptions of the mangrove forests of 
Western Port Bay, there has been much greater interest in measuring the change in 
distribution and extent of mangroves across the bay since European settlement in 
Victoria (Australia) in the mid-19th century. This section begins with some historical 
context by outlining significant events that have shaped the way that mangroves 
appear in the bay today and also discusses the various efforts to measure and map 
how the distribution has changed over recent history. 
Western Port Bay and the surrounding areas were inhabited by the indigenous 
Boonwurrung clans from at least 6,000 years ago. They were hunters and gatherers 
who moved around the area depending on the seasons and the availability of food. 
They utilised the mangrove forests, mudflats and seagrass beds of Western Port Bay 
to harvest fish and shellfish as indicated by middens found around the shores of 
Western Port Bay (Parks Victoria, 2007). George Bass was the first European to visit 
Westernport Bay after the First Fleet arrived in Australia. He explored the bay in 
1798 and named it Western Port as it was the westernmost port known to the 
colonial settlers at that time. Port Phillip Bay (to the west of Western Port Bay) 
wasn’t discovered until Lieutenant John Murray sailed into the bay in 1802 (Catrice, 
2000).  
Western Port Bay was mapped several times after European settlement but the first 
maps to include coastal vegetation were created by George Smythe in 1842 (Fig. 
2.2) (Bird, 1974). Smythe mapped a continuous fringe of mangroves, with some 
minor gaps, from Sandy Point northwards along the western and northern shores 
until Yallock Creek (Fig. 2.3). He also mapped substantial mangrove populations 
along the eastern shores around Jam Jerrup, Pioneer Bay and at the mouth of the 
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Bass River. On Phillip Island, Smythe mapped mangroves between Newhaven and 
Rhyll and on French island he depicted an almost continuous fringe from the 
southwest to the northeast corners of French Island (Bird, 1974). 
 
Figure 2.2: Example of Smythe’s Western Port Bay shoreline mapping between Tooradin and the 
Bunyip River (Smythe, 1842). Note his inclusion of areas of mangrove and samphire vegetation and 
location of inlets to which drainage channels were later connected during drainage of 
swamplands. 
 
Figure 2.3: Mangrove distribution in Western Port Bay in 1842 as mapped by Smythe and 
translated by Bird and Barson (1975). Figure reprinted from; Proceedings of the Royal Society of 
Victoria, Vol. 87, Bird and Barson, Shoreline Changes in Westernport Bay, p.16, copyright (1975), 
with permission from the Royal Society of Victoria. 
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There were a number of events during the eighteenth and nineteenth centuries 
that contributed to a change in the extent of Western Port Bay’s mangrove forests 
after Smythe made his maps. Mangrove clearance occurred on a small scale during 
the 1840s as a result of the barilla industry. Baril la, an alkaline ash, was produced by 
chopping down mangrove trees, piling them up and burning them and was used in 
the process of making glass and soap. There are very few historical records of the 
industry in Western Port Bay with the most comprehensive evidence derived  from 
shipping records which estimated that a total of about eight hectares were removed 
for production of barilla on the north-western coast of French Island (Bird, 1975). 
However, it is possible that the industry was active in other areas where there is 
evidence of mangrove removal such as Jam Jerrup and parts of Pioneer Bay (Bird, 
1975; Ross, 2000). 
It is likely that mangroves were cleared in a number of areas to allow for boat 
access to the shore. Land access to the eastern side of Western Port Bay was poor 
due to the aforementioned swamps at the north of the bay so travel and trade by 
boat to Melbourne was vital. There was a thriving timber industry in the Strzelecki 
Ranges to the east of Western Port Bay and a number of small settlements emerged 
on the eastern shores of Western Port Bay, each with its own boat mooring jetty 
(Skidmore, 1977).  
The Kooweerup Swamp, a large area to the north of the bay, was a significant 
barrier to developing the land for agriculture. Therefore, large drains were cut into 
the swamp between the 1880s and the 1930s, which allowed the land to be used 
for farming and, as mentioned above, also resulted in large amounts of sediment to 
enter Western Port Bay (Roberts, 1985). It has been suggested that the immediate 
impact of the drain construction was the death of mangroves that were at the 
outlets of these drains due to their burial by the sudden influx of sediments as well 
as a reduced salinity (Enright, 1973). Many of the drains were connected to existing 
inlets found along the northern shores (see Fig. 2.2) of Western Port Bay and, due 
to the flat topography of the former swamplands, the length of estuaries increased 
and mangroves have been able to colonise up to three kilometres inland along the 
constructed drains. 
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During the late 1960s and 1970s the port around Hastings in the western part of the 
bay underwent rapid industrial development with the establishment of an oil 
refinery, steel rolling mill and associated shipping facilities (Shapiro, 1974). This 
development led to a range of coastal works, at the expense of the mangrove 
forests lining these shores, including land reclamation and shipping channel 
dredging (May & Stephens, 1996). A number of wharves and marinas for 
recreational and commercial purposes were also constructed around Western Port 
Bay during this time. Although initially supportive of industrial development in 
Hastings, the community’s attitudes changed as they became concerned about the 
effects that industry was having on property values and on the environment 
(Shapiro, 1974). Concern for the environmental health of the bay led to a multi -
disciplinary study in 1973-74 called the Westernport Bay Environmental Study 
(Shapiro, 1974). This study, which was jointly funded by the Victorian Government 
and industry, aimed to develop guidelines for the future management of Western 
Port Bay. In doing so, the study examined the physical, chemical, biological, social 
and economic characteristics of the bay and its catchments over a two-year period 
(Shapiro, 1974). 
The Westernport Bay Environmental Study included an examination of the historical 
change in the shoreline of Western Port Bay by Bird and Barson (Bird, 1974; Bird & 
Barson, 1975; Bird, 1986), which also included a particular focus on the condition 
and extent of mangrove forests. Bird and Barson (1975) translated Smythe’s maps 
to show the extent of mangroves along the shoreline of Western Port Bay in 1842 
(Fig. 2.3). They also examined the earliest available aerial photographs of Western 
Port Bay (1939) and made their own aircraft and ground observations to produce 
new maps of mangrove distribution across Western Port Bay (Fig. 2.4) and 
compared these to Smythe’s 1842 distribution. They found that the distribution of 
mangroves across Western Port Bay had not changed significantly but in areas 
where they had been disturbed due to barilla production or boat access, the 
continuous mangrove fringe mapped by Smythe had now become quite 
fragmented, especially along the eastern shores around Grantville and the north-
western shores of French island.  
 75 
 
 
Figure 2.4: Mangrove distribution in Western Port Bay in 1984 (Bird, 1986). Reprinted from; 
Marine Geology, vol. 69(3-4), Bird, Mangroves and intertidal morphology in Westernport Bay, 
Victoria Australia, p.253, Copyright (1986), with permission from Elsevier. 
More recently, landward expansion of mangrove forests into the saltmarshes of 
Western Port Bay has been identified by Rogers et al. (2005) although at much 
lower rates than have been measured in other Australian temperate mangrove 
forests. Rogers et al. (2005) found that the most significant mangrove expansion 
was seen along tidal channels that drained the higher elevation saltmarsh and most 
often seen in the more developed parts of Western Port Bay along the northern 
coastline. They identified the dominant processes in landward encroachment of 
mangroves in Western Port Bay being related to changes in sediment surface 
elevation. Sediment elevation change can be driven by a range of factors including 
sedimentation rates, autocompaction and subsidence of sediment surfaces due to 
subsurface root growth or decay and groundwater changes, as well as sea-level 
fluctuations (Rogers et al., 2006; Rogers & Saintilan, 2008). 
While the processes that have led to landward mangrove encroachment in Western 
Port Bay were quantitatively analysed and discussed by Rogers et al. (2005), the 
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processes that are involved in seaward expansion or the recovery of previously 
disturbed mangrove forests have been less thoroughly investigated in Western Port 
Bay. Bird (1986) qualitatively described the changes in mangrove forests based on 
their aforementioned historical mapping and aerial photography analysis at a site 
scale, which included identification of areas of seaward expansion and recovery 
after disturbance. Bird (1986) also discussed a number of processes that were likely 
involved in these phenomena. For example, some areas of seaward expansion were 
probably a result of increased sedimentation resulting in an expansion of available 
habitat for mangroves. On the other hand, Bird (1986) identified that the gaps 
created in the mangrove fringe had allowed drifting sand into the formerly 
vegetated areas preventing regeneration of mangroves, whi le also accelerating 
erosion of saltmarsh and other shorelines due to a reduction in protection provided 
by the mangrove forests. Shoreline erosion around Western Port Bay is still ongoing 
today and, in some areas, seawalls have been constructed to reduce this erosion, 
although these have failed in some situations (Fig. 2.5). Community groups and 
government agencies have trialled mangrove planting projects to provide a longer 
term, self-sustaining solution to reducing coastal erosion in areas where this issue is 
prevalent.  
 
Figure 2.5: Remains of a seawall that had been constructed to prevent coastal erosion near 
Grantville, 2012. Smythe had mapped a continuous mangrove forest in this area which was likely 
cleared after European settlement. 
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The most recent investigation of the extent of mangroves across Western Port Bay 
was undertaken by Boon et al. (2011) as part of a larger inventory of saltmarshes 
and mangrove forests across the Australian state of Victoria. Given the large 
geographical area that was covered during this study, vegetation was mapped at a 
relatively coarse scale using high-resolution aerial imagery at a scale of 1:10,000. 
This resulted in the production of detailed vegetation coverage maps that included 
all patches of mangrove vegetation greater than 20m in diameter. In Western Port 
Bay, they found that 1815 ha of mangrove forest was present in Western Port Bay 
and when compared to the pre-European distribution (based on Smythe’s 
mapping), found that total areal extent of mangroves had decreased by less than 
5%. They also discussed various ongoing threats to the condition and extent of 
mangroves and saltmarshes and highlighted land reclamation, landfill, vehicle 
access and grazing as potentially serious issues in Western Port Bay, albeit these 
threats being probably more serious for saltmarshes than mangroves (Boon et al., 
2011; Boon et al., 2014). 
There is much concern for the fate of mangrove forests around the world due to 
two major factors; (1) increasing human populations and associated development 
of coastal areas and their catchments and (2) the impacts of climate change. The 
catchments of Western Port Bay are some of the most rapidly developing parts of 
the Greater Melbourne region. Along with the resulting increase in population 
comes greater pressures on the coastal environment through changed hydrological 
and sedimentation regimes, increased risk of nutrient and toxicant input, coastal 
land reclamation for residential and industrial purposes and heightened 
recreational pressures (Boon et al., 2011). The potential impacts of climate change 
on mangrove forests are varied and well-documented (Gilman et al., 2008; Krauss et 
al., 2014) however there is uncertainty about how mangroves will adapt to a 
changing climate. For this reason, it is important to monitor the condition of 
mangroves forests so that change can be detected and appropriate government 
policies and management actions can be established.   
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This chapter aims to; 
1. Describe the physical characteristics of the mangrove forests of Western 
Port Bay and how they can vary across the bay. A detailed description of this 
kind does not appear to have been undertaken across the entire bay. This 
knowledge is important because a baseline description of the forest can 
provide clues about changes in condition over time. A description of this 
kind is also useful for understanding the local ecology of the mangrove 
forests of Western Port Bay which is deemed a crucial step when following 
the Ecological Mangrove Restoration Process developed by Lewis and 
discussed in Chapter 1 (Lewis, 2005). 
2. Describe patterns of regeneration on a local scale using historical aerial 
photographs. A number of broad scale assessments of mangrove forest 
distribution change have been undertaken but a detailed analysis of forest 
extent and density change does not appear to have been undertaken. This is 
important because it can assist with assessments of forest health and 
condition, can provide information about recovery of forests after 
disturbance and provide clues to coastal managers who are involved in 
restoring these environments. 
 
2.2  MATERIALS AND METHODS 
2.2.1 Mangrove forest characteristic field survey 
One hundred and fifty-four 1m2 quadrats were randomly established within the 
mangrove forests of Western Port Bay. These quadrats were a subset of the 
quadrats that were established for the study detailed in chapter 5, which also 
included quadrats that were outside of the forest but within a suitable tidal range 
for mangrove establishment and survival. A series of 500m long transects oriented 
parallel to the shoreline were established in GIS (Mapinfo ver. 10.5) and originated 
from 18 access points (see Figure 5.1 for locations) which were chosen for their 
ease of access to the forests in a safe and practical way (e.g. roads, pathways, public 
land etc.). The specific location of each quadrat was determined by randomly 
selecting a point along the shoreline transects and at this point a second transect 
perpendicular to the shoreline transect, which spanned the width of the forest, was 
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created and individual quadrat locations were randomly selected along this. The 
quadrat locations were located in the field using a GPS and at each one, the quadrat 
was established in February 2013 by marking each corner with a bamboo stake. At 
each quadrat location, coordinates were recorded and elevation and slope of the 
location were determined in ArcGIS (ver. 10.2.2) using the focal statistics and slope 
calculator tools. Elevations were derived using LiDAR data which had a horizontal 
and vertical accuracy of ±35cm and ±10cm respectively (DSE, 2009). 
Counts of stranded propagules and seedlings (analysed in greater detail in chapter 
5), pneumatophores and crab burrows were undertaken within the quadrat. Whe re 
counts were high (>100), a subsample was taken using three randomly placed 
0.0625m2 quadrats within the larger one. Pneumatophore height was estimated by 
taking the mean height of three randomly selected pneumatophores within the 1m2 
quadrat. A stringline was used to establish a 3m radius around the centre of each 
quadrat and within this radius, all mangroves larger than 20cm in height (i.e. non-
seedlings) were counted to establish stem density at each site. The stem diameter 
of all mangroves greater than 1.3m in height was also measured within the 3m 
radius which enabled basal area (g) to be calculated using the method described by 
Cintron and Schaeffer Novelli (1984) (See Equation 2.1). Forest height was 
estimated using a staff to measure the tallest tree within the 3m radius and canopy 
density was also estimated using the Braun-Blanquet cover/abundance method 
within the same 3m radius (Braun-Blanquet, 1932). The Braun-Blanquet method is 
designed to be effective in somewhat homogeneous vegetation types and is 
therefore suitable in Western Port Bay’s monospecific mangrove forests but may be 
less suitable in forests containing multiple species if these methods were to be 
replicated elsewhere. 
Equation 2.1:  𝑔 = 𝜋/4(𝑑𝑏ℎ)2 
Median particle size of surface and sub-surface sediments (approximately 5cm 
deep) were estimated using a visual/tactile method described by McKenzie (2007). 
This method involves hand-sampling the sediment and estimating the order of 
abundance of mud, fine sand, sand, coarse sand and gravel. A score of 3 is given to 
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the dominant component and 2 and 1 for the next two most abundant fractions. 
These scores were converted to percentages of each constituent which allowed the 
samples to be analysed to produce sample statistics using the Microsoft Excel based 
software GRADISTAT (Blott, 2010). Three surface and three sub-surface hand-
samples were taken at each site to generate a mean median particle size. The 
micro-topography of the sediment surface was determined by adding the visually 
estimated percentage of the 1m2 quadrat area that was higher than average 
sediment surface to the percentage area that was lower. The strength of sediments 
in the vertical direction (kg/cm2) at each site was also measured using a 
penetrometer at the centre of three randomly placed 0.0625m2 quadrats within the 
larger quadrat. Data were analysed (e.g. Pearson correlation coefficients) and plots 
produced using R ver. 3.3.2 (www.r-project.org ). Means are presented as ± 1 SE. 
2.2.2 Historical photography analysis 
The patchy mangrove forests along the eastern shores of Western Port Bay around 
the townships of Grantville and Corinella were chosen as the area to undertake an 
analysis of historical photography. This area was chosen as it contains some of the 
most disturbed mangrove forests in Western Port Bay and was therefore 
considered more likely to display informative changes in distribution over a decadal 
time period. Smythe’s maps showed a continuous mangrove fringe along these 
shores in 1842 (Fig. 2.3) and it is likely that the current patchiness of the forest is 
the result of human activity (Bird & Barson, 1975). As discussed above, 
documentation of disturbance to the mangrove forests, including the scale of the 
barilla industry, is scarce (Bird, 1975) and there is no conclusive evidence of 
disturbance around Grantville. However, there is a clear indication of a former 
forest in the form of mangrove tree stumps in many of the clearings that exist 
between patches (Fig. 2.6). Therefore, it was determined that this part of Western 
Port Bay was a suitable area to examine the recovery of these disturbed forests 
over time. 
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Figure 2.6: Tree stumps as evidence of former mangrove forest at site TP, 2012. 
Three discrete sites containing the largest patches of mangrove forest in this part of 
the bay were chosen for the historical analysis and were named TP (covering the 
patches of forest between the townships of Corinella and Tenby Point), QF (which 
consists of three patches of mangrove forest between the historical settlement of 
Queensferry and Grantville) and GV (covering the mangrove forest from the 
northern end of Grantville to 2km north of the small township of Pioneer Bay) (Fig. 
2.7). Historical aerial photography was sourced from the Land Victoria Aerial 
Photography library and scanned at 600 dpi. The earliest aerial photographs of 
Western Port Bay were taken in 1939, however this set of photographs only 
included site TP. The earliest photographs of sites QF and GV that were found were 
from 1947 and 1951 respectively.  A single photograph from 1939 was used for site 
TP while a number of photographs for the other two sites were stitched together 
using the ‘Photomerge’ function in Adobe Photoshop CS6 to create a single image. 
The photographs were then georeferenced to a pre-registered 2009 orthographic 
image of Western Port Bay in Mapinfo v.10.5 using the image registration tool. A 
minimum of eight ground control points were determined for each photograph and 
where possible, man-made structures such as houses, sheds and road intersections 
were used.  
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Figure 2.7: Sites used for historical photography analysis. Regions of interest at each site show in 
red. 
Regions of interest were created for each site by drawing a polygon that 
incorporated all mangrove areas while minimising parts of photographs which 
would confound analysis (i.e. shades or colours that were similar to mangrove 
areas). The software, ENVI (ENvironment for Visualising Images) v.2.1, was used to 
perform an unsupervised classification of the historical aerial photographs and 2009 
orthographic image within the regions of interest and the most appropriate 
resulting classes were chosen for each. These were converted to shapefiles 
displaying the digitised mangrove forest at each site and manually cleaned to 
exclude areas that were known to be falsely classified as mangrove forest (e.g. 
vegetation of a similar colour or shade that was obviously too high on the shore). A 
boundary was drawn along the seaward edge of the digitised mangrove forest 
derived from the earliest photographs and this was then segmented at 50m 
intervals. Each segment of the boundary was used to create a quadrat which 
encompassed the entire digitised forest from the 2009 orthographic image on the 
landward side of the seaward boundary. Given the length of region of interest 
varied between sites, number of quadrats also varied. Site TP contained 23 
quadrats, QF contained 61 and GV contained 59 quadrats. The area of mangrove 
forest was determined at each site for the earliest photographs and the 2009 image 
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to determine overall change in mangrove forest. The density of mangrove forest in 
each quadrat was also calculated by dividing the area of mangrove forest within 
each quadrat by quadrat size. Density was standardised per 100m2 across all 
quadrats as they varied in size. Annual density change per quadrat was calculated 
by subtracting initial density from final density and then dividing by the number of 
intervening years to derive a result that was comparable between sites.  Data were 
again analysed and plots produced using R ver. 3.3.2 (www.r-project.org ). 
2.3  RESULTS AND DISCUSSION 
2.3.1 Mangrove forest characteristic field survey 
The variation in measurements of forest characteristics is summarised in the 
boxplots shown in Fig. 2.8 and correlations between all characteristics is displayed 
in Fig. 2.9.  Pneumatophore densities (range = 0 – 586, mean = 228.64 ± 11.81 
pneumatophores/m2, Fig. 2.8a) were comparable to other studies in temperate A. 
marina forests in Australia. For example, pneumatophore densities were found to 
be 50 - 381/m2 in Homebush Bay in Sydney (Burchett et al., 1999), 382 – 718/m2 in 
Botany Bay south of Sydney (Bishop et al., 2007) and 389 – 1040/m2 in Batemans 
Bay in NSW (Melville & Pulkownik, 2007). The study in Batemans Bay found that, 
generally, the highest densities of pneumatophores were found in the seaward 
third of the mangrove forest. This was not observed in Western Port Bay as there 
was no correlation found between pneumatophore density and elevation ( r = 0.07, 
Fig. 2.9). In Western Port Bay, Bird (1986) recorded pneumatophore densities of 
between 50 and greater than 400/m2 and found that density was higher 
underneath the canopies of mature trees with the most dense pneumatophore 
fields found close to the trunks. This appeared to be the case from my data 
collected in 2013, which showed that pneumatophore density correlated well with 
canopy density (r = 0.75). Agreement with Bird’s observations of higher 
pneumatophore densities near mature trees was also demonstrated by fairly strong 
correlations with basal area (r = 0.6) and forest height (r = 0.58). 
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Figure 2.8: Variation in measurements of pneumatophore density (a), pneumatophore height (b), 
crab burrow density (c), stem density (d), basal area (e), forest height (f), canopy density (g), 
surface sediment grain size (h), sub-surface sediment grain size (i), sediment heterogeneity (j) and 
sediment strength (k) represented as box and whisker plots showing minimum, quartiles, median, 
maximum and outliers. The axis for canopy density (g) represents Braun-Blanquet scores which 
describes density as follows; 1 = absent, 2 = <5%, 3 = 5%, 4 = 5-25%, 5 = 25-50%, 6 = 50-75%, 7 = 75-
100%. n = 154 sites. 
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Figure 2.9: Correlation matrix including all mangrove forest characteristics measured in Western 
Port Bay. Strength of correlations are indicated by size of circles and darkness of colour as per 
scale on right hand side of matrix which also shows corresponding r score. 
Pneumatophore heights (range = 0 – 26, mean = 8.98 ± 0.43 cm, Fig. 2.8b) were also 
similar to heights determined in other Australian temperate A. marina forests. In 
the aforementioned studies in Homebush Bay, Botany Bay and Batemans Bay in 
NSW, pneumatophore height ranges were 2.7 – 12cm, 3 – 10cm and 6 – 12cm, 
respectively (Burchett et al., 1999; Bishop et al., 2007; Melville & Pulkownik, 2007). 
The tallest pneumatophores at Batemans Bay were found at the back of the forest, 
contrary to my results which showed that there was a negative correlation between 
pneumatophore height and elevation (r = -0.41). This was probably due to most of 
the outliers on the boxplot above approximately 20cm being located at the seaward 
edge of the mangrove forest (Fig. 2.10a). 
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Figure 2.10: Various forest types found across survey sites during 2013. a) Very long 
pneumatophores (20cm+) found at the seaward edge of forest near Hastings. b)  Dense 
regeneration of mangrove saplings in gap in the mangrove fringe near Warneet. c) Mature 
mangrove forest with widely spaced trees at Hastings. d) 5m tall tree found near Corinella. e) 
Highly heterogeneous sediment surface found within mature mangrove forest on north coast of 
French Island.  
The density of crab burrows (range = 0 – 503, mean = 176.50 ± 10.27 burrows/m2, 
Fig. 2.8c) was generally higher compared to other studies undertaken in temperate 
mangrove forests of Australia. For example, in Homebush Bay in Sydney, 0 – 27 crab 
burrows/m2 were found, however the authors acknowledged that mosquito control 
in the area could have accounted for low overall faunal abundances in this area 
(Burchett et al., 1999). In Port Adelaide, higher crab burrow densities were 
measured (0 – 330 burrows/m2) (McKillup & Butler, 1979) but it was found that 
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burrow densities above approximately 300/m2 led to collapse of sediments. The 
higher density of crab burrows in Western Port Bay is potentially due to burrow 
building habits of different crab species. Helograpsus haswellianus, which builds 
interconnected burrows (Museums Victoria, 2017a), was the subject species in the 
Port Adelaide study and although this species is also present in Western Port Bay, 
Heloecius cordiformis  is probably more abundant in the mudflats around mangrove 
forests in Western Port Bay (Katrak & Bird, 2003). This species builds vertically 
terminal burrows and the lack of interconnectedness between burrows may 
account for the ability of sediments to sustain higher densities of them (Museums 
Victoria, 2017b). 
Stem densities (range = 0 – 46, mean = 2.35 ± 0.42 stems/m2, Fig. 2.8d) and basal 
area (ranges = 0 – 23, mean = 3.29 ± 0.38 m2/ha, Fig. 2.8e) had similar distributions 
with low medians and numerous outliers. Mean stem density is much higher than 
measured previously in Western Port Bay at 0.18 stems/m2 (Attiwill & Clough, 1974) 
and 0.25 stems/m2 (Jaremovic et al., 1992) and is likely due to the fact that these 
previous measurements were made in mature forests. For example, the stem 
density outliers were mostly found where there had been some disturbance of the 
forest and there was dense regeneration of saplings (see Fig. 2.10b). Conversely, the 
basal area outliers generally corresponded to mangrove forest that was 
characterised by widely spaced mature trees with broad trunks (see Fig. 2.10c). 
Results are not directly comparable to those of Jaremovic et al (1992) as they 
measured trunk diameter at the base of the trees rather than 1.3m above the 
surface as per the technique for calculating basal area. However, they determined a 
mean trunk diameter of 141mm with the largest recorded at 323mm. Despite our 
measurements being higher on the tree, diameters greater than 323mm were 
regularly recorded with the greatest diameter measured at 1217mm.  
The relationship between stem density and basal area has been previously found to 
be an inverse one where stem density decreases as the forest matures and basal 
area of surviving trees increases (Cintron & Schaeffer Novelli, 1984). Figure 2.11 
shows that while there are a number of observations which fit the generally inverse 
relationship, the majority of observations do not (r = -0.07). This is most likely due 
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to the aforementioned relationship between these variables, typically used in a 
forestry context, not accounting for the broad range of developmental stages that 
are simultaneously found within a mangrove forest. For example, there were 
number of quadrats where there was low stem density and basal diameter due to 
competition with saltmarsh species at higher elevations or in disturbed areas where 
regeneration is possibly being limited by other factors such as propagule dispersal  
limitation (Sousa et al., 2007), strong waves or currents (Clarke & Myerscough, 
1993; Balke et al., 2011), or a range of biogeochemical influences including salinity, 
nutrients and flooding (Krauss et al., 2008).  
 
Figure 2.11: Relationship between basal area and stem density in Western Port Bay (r = -0.07) 
 
Forest height (range = 0 – 5m, mean = 2.19 ± 0.09m, Fig. 2.8f) was largely consistent 
with previous measurements of mangrove forest height in Western Port Bay. 
Attiwill and Clough (1974) found an average tree height of 2.5m and stated that 
trees rarely exceeded 3.5m in height while Jaremovic et al (1992) found a mean tree 
height of 3.1m with a maximum height of 4m. The slightly lower mean resulting 
from our data is again likely to be due to the broader range of the survey compared 
to previous ones which were largely confined to mature forests. Incidentally, the 
tallest tree encountered was found near Corinella on the eastern shores of the bay 
amongst a quite sparse patch of trees and was 5m tall (Fig 2.10d). Canopy cover 
ranged between entirely absent to 75-100% with an average (range = 1 – 7, mean = 
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4.66 ± 0.12, Fig. 2.8g) which fell between the 5-25% and 25-50% Braun-Blanquet 
categories of cover/abundance (Braun-Blanquet, 1932). All of the sites assessed as 
having a 75-100% cover score were found in the mature forests around the western 
and northern shores of the bay, as well as within Rhyll Inlet. As discussed above, 
canopy cover correlated highly with pneumatophore density (r = 0.75). 
Sediment particle size at the surface (range = 8 – 550µm, mean = 50 ± 5.2µm, Fig. 
2.8h) and 5cm below the surface (range = 8 – 630µm, mean = 54 ± 7.2µm, Fig. 2.8i) 
were highly correlated (r = 0.72) indicating that sediments were fairly consistent 
across the upper layers. The distribution of each indicates that sediments are largely 
fine silts with the occasional occurrence of coarser sands. The absence of 
correlations between sediment particle size and any of the other variables 
measured indicates that physical properties of mangrove forests are not useful in 
explaining patterns of sediment distribution across the mangrove forests of 
Western Port Bay. Rather, it is more likely that sediment particle size distribution is 
related to factors such as proximity to waterways that are transporting coarser, 
catchment-derived material or in areas where higher wave and/or current energy 
allows coarser material to be deposited and/or fine sediments to be scoured away 
(Quartel et al., 2007). Sediment heterogeneity (range = 2 – 77%, mean = 31.7 ± 1.4% 
higher or lower than average sediment surface, Fig. 2.8j) was positively (albeit 
weakly) related to pneumatophore density (r = 0.43) indicating that the lumpiest 
sediment surfaces are found in mature forest areas, perhaps a result of burrowing 
by resident crabs (Fig. 2.10e). Finally, sediment strength (range = 0.25 – 4.64, mean 
= 1.33 ± 0.08 kg cm2, Fig. 2.8k) was generally low and negatively related to crab 
density (r = -0.44), presumably due to the difficulty of burrowing into such hard 
substrate. Sediment strength was also weakly correlated with elevation where 
harder sediments were found at higher elevations (r = 0.43).  
2.3.2 Historical photography analysis 
Processed photographs of each site are shown in the thesis appendix (see example 
in Fig. 2.12). These include the initial and 2009 photographs at each site, both 
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displaying the digitised mangrove forest for each year as well as the quadrats 
overlaid on each photograph.  
 
Figure 2.12: Example of processed aerial photographs. Site GV in 1951 (three left boxes) and 2009 
(three right boxes). Digitised mangrove forest indicated in orange, quadrat locations displayed in 
green. 
A third figure for each site shows the colour-scaled density change between initial 
and 2009 photographs. The 2009 photographs show that the key differences 
between the three sites are the length, patchiness and orientation of the mangrove 
forest at each. Site TP is approximately 1.2km long and covers a 500m long patch of 
mangroves and two smaller patches to the east which are both separated from 
other mangrove patches by a gap of approximately 250m. Site QF is about 3.2 km 
long and contains an 850m patch of forest at the western end of the site and two 
more patches (450m and 600m long) of sparse forest to the east. Between these 
patches are long stretches of bare mudflats (>500m long) with very few mangroves 
growing on them. Site GV is approximately 3km long and differs from the othe r two 
sites by having an almost continuous mangrove forest with only small bare patches 
at the southern end and at the outlet of a small waterway approximately 1km south 
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of the northern end. The orientation of each site differs with TP largely oriented to 
the north, QF changing in orientation from the north at the western end to 
northwest at the northern end and GV predominantly oriented towards the west.  
Table 2.1 shows that the areal extent of mangrove forest had increased by almost 
10ha between the initial photographs and 2009. The majority of this increase was 
seen at site GV which contributed over 7.5ha to total increase of forest extent, even 
though this site had only 83% of the mangrove forest extent that initially existed at 
QF.  On an annual basis, almost 0.13ha was added at site GV which was more than 
six times the annual increase at the other two sites. Forest density, which was 
similar across the sites in the initial photographs, also increased most dramatically 
at site GV. The average density change between initial and 2009 photographs was 
almost three times higher at GV than the other sites and this rate increased slightly 
when adjusted to show increase on an annual basis. 
Table 2.1: Overall mangrove forest extent change at the three sites; TP, QF and GV. 
 SITE   
 TP QF GV  Total 
Initial mangrove area (m2) 8,799.69 27,409.38 22,862.71  59,071.78 
2009 mangrove area (m2) 19,847.92 39,612.52 97,942.36  157,402.80 
Mangrove area change (m2) 11,048.23 12,203.14 75,079.65  98,331.02 
Years between initial and 2009 70 62 58  - 
Annual mangrove area change (m2/yr) 157.83 196.82 1,294.48  1,649.13 
      
 
Figure 2.13 shows the variation in forest density across the quadrats at each site at 
the time of the earliest photographs, in 2009 and on an annual change basis. 
Median densities at QF and TP in the initial photographs were very low compared to 
GV due to the presence of gaps between mangrove forest patches at these two 
sites. At QF initially, there were already areas of very dense forests while there were 
very few places at the other two sites that contained forest density of over 
50m2/100m2. By 2009, median density at GV was over 50m2/100m2 and while 
density generally increased at the other two sites, median density was still below 
20m2/100m2. Again, this was most likely due to the gaps in the forest that were still 
present by 2009. Median annual change in forest density was above 
0.6m2/100m2/yr at GV while very low at QF and TP, although there were certainly 
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instances of high annual density increase at both sites as indicated by the outliers in 
Fig 2.13c. Interestingly, at both GV and QF there were areas that displayed negative 
annual change in forest density. Each site will be discussed in more detail in order to 
determine possible drivers that could attribute to the variance in forest extent and 
density change over the period of the historical photography.  
 
Figure 2.13: Boxplots showing variation across the three sites in initial forest density (a), 2009 
forest density (b) and change in forest density per year (c). n = 143 quadrats. 
Site GV 
In 1951, the mangrove forest at site GV was more or less continuous although 
relatively sparse in the northern section and becoming quite scattered in the 
southern section before disappearing altogether at the southern end. There also 
appeared to be an obvious gap in the forest at what was likely to be the outlet of a 
small creek near the northern end. By 2009, forest density had increased 
dramatically across most parts of the site, especially in the middle section. There 
are a number of exceptions however. Towards the southern end, density appears to 
have increased at a much slower rate and in some cases only a few trees have 
appeared between 1951 and 2009. This also appears to be the case at the northern 
end where density has in fact decreased in some areas at the most extreme end of 
the site. Similarly, there appears to have been a decrease in density adjacent to the 
mouth of the creek, although mangroves have actually established along either side 
of the creek itself. North of the creek (and for a short distance to the south of the 
creek), it seems that there has been some seaward colonisation of the forest and 
correspondingly, some colonisation of saltmarsh and/or dune vegetation on the 
landward side of the forest. This seaward shift of the mangrove forest in this part of 
the site may be due to the increased fine sediment loads, resulting from swamp 
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drainage in the north of the bay, circulating and being deposited in Pioneer Bay as 
discussed above (Wallbrink et al., 2003). The orientation of this site towards the 
prevailing wind direction may have allowed these fine sediments to be driven 
towards the shore, accreting on the mudflats and allowing mangroves to develop 
on these shallower areas while rendering the rear of the forest unsuitable for their 
survival as elevation has increased. Indeed, sediments were found to be generally 
finer (with the exception of sub-surface sediments at site TP) and softer at site GV 
than at the other two sites as measured during the mangrove forest characteristic 
survey (Fig. 2.14), indicating recent accretion of fine sediments. 
Further south from the creek, there appears to have been very little seaward 
colonisation of the mangrove forest, rather it seems that there has been vigorous 
regeneration on the landward side of the sparse forest that existed there in 1951. It 
is difficult to tell whether mangroves have encroached landwards in this part of the 
site (due to coastal erosion and lowering of the shoreline elevation after initial 
clearance of the forest) or if they are reoccupying space on the mudflats where they 
had been previously cleared. It was not uncommon for those cutting and burning 
mangroves for barilla production to leave the most seaward trees in a mangrove 
forest due to the difficulty of accessing these as the substrate becomes softer and 
the distance to drag the fallen trees across this environment becomes greater (Bird, 
1975). It is possible that leaving these seaward trees has allowed regeneration to 
occur more easily due to the protection they provide from offshore wave and 
current energy, whilst the areas that previously had no such protective function 
from seaward vegetation remained unvegetated as per the most southern end of 
the site. 
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Figure 2.14: Surface and sub-surface (5cm depth) median sediment particle size (a) and sediment 
strength (b) at the three sites. 
 
Site QF 
The mangrove forest at QF in 1947 was most extensive and continuous at the 
southern end of the site with the most significant regeneration occurring by 2009 at 
the northern end of this patch of forest. The 1947 photograph shows that there 
were scattered patches of mangroves on the seaward edge of where the existing 
forest is situated and it is possible that these remnant trees have facilitated forest 
regeneration on the landward side through the processes described above at GV. 
Indeed there is clear evidence of human disturbance in this area indicated by the 
remains of a jetty (Fig. 2.15) which had been constructed to serve the needs of the 
small township of Queensferry (Skidmore, 1977). The vigorous regeneration at the 
northern end of this forest is almost entirely absent immediately north of where the 
remnant trees were situated and this lends further weight to the idea that the 
regeneration in this area was assisted by the existence of the undisturbed patches 
of forest on the seaward edge. At the southern end of  this southernmost forest at 
QF there has been some decrease in forest density, and it appears that this could 
have been the result of an encroaching sand that has extended along the landward 
side of the forest and is visible in the 2009 photograph.    
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Figure 2.15: Timber pylons which represent the remains of a jetty at site QF, 2012. 
There has been an increase in forest density at both of the northern patches, 
particularly the southern of these patches which had very few mangroves in 1947. 
This indicates that the protection that perhaps facilitates regeneration of 
mangroves does not require a barrier of continuous forest to dampen wave and 
current energy and protection can be provided by a few scattered tree s. Facilitation 
of regeneration by these remnant trees is also likely assisted by providing a source 
of propagules which can disperse great distances but most often become stranded a 
short distance from the parent tree (Sousa et al., 2007). Despite the general 
increase in forest density at the northern patches, this increase has been generally 
modest compared to that seen at site GV. In fact, there has been a decrease in 
forest density in some areas, particularly at the northern end of the northern patch 
of forest. The sediments in this part of the site are generally sandier (Fig. 2.14), 
which is visible as the lighter coloured sediment on the landward side of the 
northernmost patch of mangroves. There is evidence that movement of this sand 
has caused some dieback of trees (Fig. 2.16) and is potentially the cause of the 
reduced regeneration that has occurred at this site. Differing sediment dynamics at 
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QF compared to GV is also indicated by the absence of any significant seaward 
migration of mangroves at QF. 
 
Figure 2.16: Sandy substrate in an area of dead mangroves near Grantville, 2012. 
Site TP 
In 1939, the westernmost mangrove forest at site TP was the most extensive and 
already quite dense in some parts. This forest also experienced the greatest 
increase in density across the site with the most extensive increase seen at the 
eastern end of this patch. Again, it appears that the existence of remnant trees on 
the seaward side of the present forest has assisted in the regeneration of the forest. 
This was also true at the two smaller patches which saw an increase of extent and 
density on the landward side of remnant trees that existed in 1939, while the 
mudflats between these patches remained largely bare. Sediment dynamics also 
appear to have affected the extent of mangrove forest at TP where a sand bar or 
spit appears to have developed parallel to the shore through the westernmost 
patch of mangrove forest. The development of this sand spit is currently active as 
shown in the series of aerial photographs derived from Google Earth (Fig. 2.17) and 
the result has been the death of the forest in this location (Fig. 2.18). Bird (1974), 
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during his detailed observations of the mangrove forests of Western Port Bay, 
identified this phenomenon occurring in other locations across the bay including 
Stony Point and the west coast of French Island. He thought that dieback of 
mangrove forests caused by drifting sand was most likely the result of mangrove 
clearance causing sandier material to erode from the exposed shoreline or the 
erosion of muddy substrates formerly stabilised by the mangrove and exposing 
coarser material below. 
 
Figure 2.17: Aerial photos from 2007 (a), 2010 (b), 2014 (c) and 2017 (d) showing developing sand 
spit along the rear of the mangrove forest at site TP.  
 
Figure 2.18: Dieback of mangroves in area of sand spit development at site TP, 2016. 
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2.4  CONCLUSIONS 
The results of the forest characteristic survey indicate that the mangrove forests of 
Western Port Bay are broadly similar in structure to other temperate A. marina 
forests of Australia. Compared to previous measurements undertaken in Western 
Port Bay however, my data showed that forest structure is more variable and this is 
most likely due to the more comprehensive surveying of forests across the bay. 
Previous surveys had been exclusively undertaken in mature forest areas along the 
sheltered shorelines in the west and north of the bay whereas my survey included 
previously disturbed forests distributed across the bay as well as the mature but 
patchy forests that are found along eastern shores and are oriented towards the 
prevailing weather systems. In some of these areas, stem density was high, 
indicating an expected response to disturbance as recolonisation occurs. In other 
areas of previous disturbance, regeneration of the forest appeared to be less 
vigorous, indicated by low stem density in non-mature parts of the forest, and are 
perhaps indicative of more marginal habitats for mangrove establishment. As 
discussed in the introduction of this thesis, there are many factors that could be 
implicated in the limitation of regeneration in mangrove forests including those 
reviewed by Krauss et al. (2008).  
The historical photograph analysis revealed that whilst there has been substantial 
regeneration of the disturbed mangrove forests on the eastern shores of Western 
Port Bay, there is a distinct lack of regeneration in areas that were clear-felled. The 
contrast in mangrove regeneration success between areas with some remnant 
mangrove forest, particularly on the seaward edge of elevation limits of mangrove 
growth, and areas that are devoid of vegetation indicates that there is some factor 
(or factors) preventing the re-establishment of mangroves in completely cleared 
areas. Lewis (2005), in his Ecological Mangrove Restoration (EMR) model  
recommends determining hydrological changes to a disturbed mangrove forest 
which should then be reversed to ensure effective restoration. It is possible that 
removal of the mangrove forest has resulted in reduction in mudflat height due to 
erosion of sediments formerly stabilised by the forest, resulting in the flooding 
regime of the disturbed mudflats being no longer suitable for mangrove survival. 
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Alternatively, exposure of the mudflats to increased hydrodynamic energy (i.e. 
waves), which has received recent research attention, may also be preventing 
recruitment of mangrove seedlings in these areas (Thampanya et al., 2002; Balke et 
al., 2011). Additionally, the historical photographs appear to show that sedimentary 
processes could also be a key factor in regeneration success in Western Port Bay. In 
some areas, sedimentation appears to have allowed seaward migration of the 
mangrove forest while in other areas, sedimentation, particularly of coarser 
sediments, has resulted in the destruction of parts of the forest.  
Overall, the general increase in mangrove extent and density shown in the aerial 
photography indicates that after disturbance, the mangrove forests of Western Port 
Bay have been able to recover over the past few decades and there are only small 
areas that are becoming further degraded. However, if Smythe’s maps were 
accurate and there was a continuous mangrove fringe along the shores of Pioneer 
Bay, the clear-felling of the forest in many areas appears to have resulted in a 
situation where self- repair is no longer possible.  
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SUMMARY: 
The resilience of mangroves is dependent on their regeneration capacity. Patchy 
mid-19th century clearing dramatically affected this capacity, creating stable 
vegetated and unvegetated states in a fragmented temperate mangrove ecosystem. 
Mechanisms of mediation between states were tested by monitoring the survival 
and growth of planted mangrove seedlings and propagules on formerly forested 
bare mudflats and inside patches of existing forest. Survival (1 to 76%) and growth 
(-0.83 to 10.45mm/month increase in plant height) of seedlings was affected by 1) 
differing levels of exposure found at varying proximities to remnant forest and 2) 
differing inundation regimes both within and between sites that were randomly 
selected from locations that varied in aspect relative to prevailing winds. Increases 
in hydrodynamic energy within and between sites corresponded to a decrease in 
survival that was much more pronounced at locations that were exposed to 
prevailing winds. Growth rates were also generally lower at sites in exposed 
locations but inundation regime was a more important determinant within sites, 
where growth was reduced at lower heights on the shore. Results suggest that 
stability of the bare mudflat state (caused by historical clearance of the mangrove 
forest) is dependent on level of exposure to hydrodynamic energy and a return to a 
forested state is more likely where this exposure is lower. These results have 
implications for planning and implementing mangrove restoration projects and 
illustrate the role that physical factors can play in determining the resilience of 
disturbed temperate mangrove ecosystems. 
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3.1 INTRODUCTION 
Mangrove forests are important intertidal ecosystems that have been degraded in 
many parts of the world, mostly due to coastal development and aquaculture 
industries, particularly pond aquaculture (Alongi, 2002). Global declines of over 1% 
of the world’s mangrove forests annually were recorded between 1980 and 1990 
(reducing to 0.66% between 2000 and 2005) (FAO, 2007). Mangroves provide 
important habitat for a range of both terrestrial and marine fauna (Hutchings & 
Saenger, 1987) and their loss has severe consequences for some of these species, 
for example a number of mangrove-obligate bird species which exist in the 
mangroves of northern Australia (Kutt, 2007). Their value as nursery habitats for 
commercially harvested fish and shellfish highlights the importance of protecting 
these ecosystems from further destruction (Hindell & Jenkins, 2005; Clough, 2013). 
More recently, mangrove forests have been shown to have great potential for use 
in climate change mitigation and adaptation strategies (Duarte et al., 2013). 
Notably, they are very effective carbon sinks (Mcleod et al., 2011) and can provide 
protection for coastlines that would otherwise be exposed to the erosive forces of 
coastal storms (Alongi, 2008; Feagin et al., 2011; Bouma et al., 2014). Additionally, 
mangrove forests’ ability to trap and retain sediments and nutrients has been 
shown to benefit adjacent coastal habitats including seagrass beds and coral reefs 
(Gillis et al., 2014). Accordingly, restoration of disturbed mangrove ecosystems is 
likely to be a future focus of governments interested in reducing net carbon 
emissions and for coastal managers looking to reduce the impacts of coastal erosion 
and inundation and protect coastal habitats.   
Mangrove restoration is common, although notoriously hampered by low success 
rates (Ellison, 2000b; Lewis, 2005; Primavera & Esteban, 2008; Winterwerp  et al., 
2013). Improved techniques for mangrove restoration are emerging and focus on 
understanding local mangrove ecology including regeneration characteristics and 
hydrologic regime.  Factors that restrict natural regeneration can then be 
manipulated to allow this process to occur without the need for planting mangroves 
(Lewis, 2005). However, in instances where an entire section of mangrove forest has 
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been removed, a suite of factors (which would be self -ameliorated within the 
forest) can reduce the likelihood of that area returning to forest.  
Hydrodynamic forces associated with wind generated waves and currents and tidal 
movement formerly attenuated by the forest (Mazda & Wolanski, 2009) can 
become an important factor influencing natural regeneration processes. 
Hydrodynamic forces can inhibit initial settlement and establishment of propagules 
by washing them away, uprooting them or undermining them by eroding 
surrounding sediments (Balke et al., 2011; Van der Stocken et al., 2013). Increased 
hydrodynamic energy can also erode fine sediments and organic matter that had 
previously been trapped within mangroves (Bird, 1986; Furukawa et al., 1997). The 
resultant reduction in mudflat height increases the length of time that seedlings are 
inundated and this has been linked to negative effects on leaf and stem anatomy in 
Avicennia marina (Xiao et al., 2009). Erosion of sediments which once supported a 
mangrove forest can also lead to a reduction in nutrient pools and result in reduced 
productivity of seedlings (Ellis et al., 2004). Further, the loss of associated biota (e.g. 
crabs) with the removal of mangrove forests, can lead to changes in substrate 
topography, bioturbation and propagule predation rates, which can also positively 
and negatively influence mangrove forest regeneration (Lee, 1998; Minchinton, 
2001). Changes in microclimate that are important for mangrove survival and 
growth can also occur with forest removal. While increased light availability can 
facilitate growth of mangrove seedlings to the sapling stage (Clarke & Allaway, 
1993; Osunkoya & Creese, 1997), loss of shelter provided by a forest canopy can 
increase exposure of young seedlings to very hot or cold weather (D'Odorico et al., 
2013). The incidence of frosts can greatly limit mangrove productivity at its 
latitudinal limits (Stuart et al., 2007; Wang et al., 2011). 
It therefore seems likely that removal of mangrove forests, with associated physical 
and biological changes, could push the ecosystem beyond the point from which it 
can readily recover, resulting in a shift to an alternative stable state (e.g. (Beisner et 
al., 2003). Transitions between alternative stable states are often driven by a 
combination of external environmental changes and internal feedbacks (Scheffer et 
al., 2001). In this case, disturbance caused by clearance of the forest along with the 
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resulting overall increase in exposure, large scale erosion and sedimentation 
processes are potential external mechanisms driving transition while localised 
water and sediment dynamics, changes in biota and microclimate are potential 
internal feedbacks contributing to the stability of the alternative bare mudflat state. 
The ongoing existence of a particular stable state is reliant on its resilience, or the 
amount of disturbance it can absorb before it switches to another stable state 
(Gunderson, 2000). Therefore, the ease of reversing the switch from a stable 
mangrove forest to a bare mudflat is dependent on how resistant the bare mudflat 
stable state is to natural regeneration or restoration activities.  
This study aimed to examine the resilience of disturbed temperate mangrove 
forests by investigating how resistant bare mudflats, formerly occupied by a 
mangrove forest, are to mangrove recolonization and restoration and how this 
resistance changes in relation to 1) proximity to remnant mangrove forest and 2) 
inundation duration. Effects of wave energy and associated erosion of sediments on 
propagule settlement and initial establishment (over a period of days to weeks) 
were examined by Balke et al. (2011). They found that successful establishment 
depends on periods of low hydrodynamic energy that prevent new seedlings being 
wrenched out of the mud or toppled due to erosion of surrounding sediments. Their 
study and others that have further developed these findings (Balke, 2013; Balke et 
al., 2013b) were undertaken by recreating hydrodynamic conditions using flume 
studies. A field experiment in Pak Phanang Bay in Thailand using transplanted 
seedlings within forests showed differing effects related to hydrodynamic energy 
between forests of different species and densities but did not examine the effects 
of wave energy on bare restoration sites and forest fringes (Thampanya et al., 
2002). In contrast to earlier work, this study was undertaken in the field using 
seedlings that were raised in a nursery and planted deeper in the sediment with a 
well-developed root system and therefore improved survival by avoiding threats at 
earlier life stages shown in the flume studies. Additionally, the location of our 
experimental sites on mudflats that had previously been occupied by mangroves 
allowed us to consider the stability and resilience of potential alternative states 
found in disturbed mangrove ecosystems of temperate areas. It was expected that 
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successful establishment and growth of seedlings and propagules would decrease 
with distance to remnant mangrove forests and with shorter inundation and 
therefore hydrodynamic energy exposure duration. It follows that the stability of 
either bare mudflat state or forested state would also decrease closer to the 
interface between bare mudflat and mangrove forest and at this point it becomes 
easier to reverse the switch to an alternative state through restoration activities.  
3.2 MATERIALS AND METHODS 
The study consisted of planting and monitoring Avicennia marina seedlings and 
propagules in two separate experiments at a range of distances within and away 
from remnant patches of mangroves and at a number of heights on the shore 
(inundation durations) within their natural tidal extent. Physical factors that are 
affected by these varying levels of exposure (sediment characteristics, 
hydrodynamic energy and temperature) were also measured.  
Study Site 
Western Port Bay (lat 38o12’ to 38o31’S) is a large tidal bay located around 70km 
southeast of Melbourne, Australia (Fig. 3.1). The bay covers an area of 680km2 
which includes approximately 270km2 of intertidal mudflats (Marsden et al., 1979). 
Tides are semi-diurnal and range from 1.2m near the southern entrances to 3.3m 
during spring tides at the embayment head in the north east of the bay (Marsden et 
al., 1979). The climate is temperate with warm summers and no substantial dry 
season (Peel et al., 2007). Mean annual rainfall is 665mm and mean temperature is 
18.5oC. Although temperatures are moderated near the bay, extremes occur and 
there is an average of 1.5 days/yr with a maximum temperature greater than 35oC 
and 1.8 days with minimum temperatures less than 20oC (0.8 days < 0oC) (Bureau of 
Meteorology, 2010). Sea-surface temperatures in the bay range from around 11oC 
in July/August to 21oC in January/February (CSIRO, 2014). Salinities in the bay peak 
at approximately 37 PSU in March and are lowest in September when they can drop 
just below 35 PSU. Total suspended solids are generally below 10mg/L in western 
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parts but can exceed 50mg/L in the eastern segments of the bay (Melbourne Water, 
2011). 
 
Figure 3.1: (a) Western Port Bay, Australia, with experimental locations (TP: Tenby Point, QF: 
Queensferry, GV: Grantville) shown in the box. (b) Location of 7 experimental sites shown in close-
up of boxed area in (a). The local distribution of the mangrove Avicennia marina is indicated in 
black (Boon et al. 2011) 
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In temperate mangrove forests of Australia, mangrove species diversity decreases 
with increasing latitude (Morrisey et al., 2010). In Western Port Bay temperate 
mangrove forests are close to their latitudinal limit of distribution and A. marina 
(Forsk.) Vierh. var. australasica (Walp.) Moldenke is the only species present. A 
large proportion of the forests are ‘fringe’ type (Lugo & Snedaker, 1974) which grow 
in bands along shorelines and face open expanses of water. Fringe forests, as 
opposed to ‘riverine’ forests located in sinuous tidal waterways, are generally more 
exposed to wind generated waves and currents. In some areas, mangrove forests 
were cleared during colonial settlement in the mid-19th century (Bird, 1975) and, 
according to historical aerial photography, only some of these fragmented forests 
have regenerated naturally, indicating that the cleared areas may have switched to 
a stable bare mudflat state. Attempts have been made to replant these areas (to 
restore habitat and prevent coastal erosion) but these attempts have generally 
resulted in low survival rates.  
Seven sites for this study were randomly selected within three locations (Grantville 
(GV), Queensferry (QF) and Tenby Point (TP)) around the fragmented mangrove 
forests along the eastern shores of the bay (Fig. 3.1). Topographical cross-sections 
taken through the intact forest using professional surveying equipment adjacent to 
the planting sites showed an existing elevation range of approximately 0-0.8m 
above Australian Height Datum (AHD ≈ mean sea level) and elevations of planting 
sites were surveyed using an amphibious vehicle (mounted with a Ceeman data 
measurement and recording system) to select consistent tidal heights for planting 
that also corresponded with remnant forests. 
Seedling planting experiment 
Ripe propagules (i.e. dispersal units) were picked from trees less than 2km from the 
experimental sites in early December 2010. Propagules were considered ripe if they 
were easily detached from the tree and/or if they had changed colour to become 
slightly yellow. Propagules were soaked overnight in seawater to remove pericarps 
and planted individually into 600 mL coated cardboard containers that were half-
filled with a 50% commercial potting mix and 50% sand mixture. The containers 
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were stored in a nursery in plastic-lined frames half-filled with water and watered 
daily with freshwater. Salinity of the water was monitored and salt was added to 
maintain the storage solution at approximately 10 PSU (Clarke & Hannon, 1970; 
Farrell & Ashton, 1974; Clough, 1984). Before planting, salinity was increased to full 
strength seawater (35 PSU) over two weeks to acclimatise the seedlings as 
recommended by Bhat et al. (2004). 
A total of 3024 seedlings were planted across all sites in May 2011 at three 
proximities to existing stands of mangroves (0m (Close), 40m (Mid) and 100m (Far)) 
and three heights on the shore (elevations; 0.1m (Low), 0.4m (Mid) and 0.7m (High) 
±0.05m AHD). Heights and positions were located with GPS using coordinates of 
contours and features derived from the elevational survey and verified by visual 
assessment of incoming tides. The average percentage of time that each of the 
height on shore treatments were inundated was 46.8% at 0.1m, 35.5% at 0.4m and 
20.9% at 0.7m, based on two years of tidal data during the experimental period 
from the nearest tide gauge at Stony Point (Bureau of Meteorology, 2010). At each 
height on shore/proximity combination, three replicate plots of 16 seedlings were 
planted. Seedlings were selected randomly and planted at a density of 1 per m2 
which approximated average natural seedling density determined from an earlier 
survey of a nearby forest. Elsewhere, planting density has been shown to have little 
effect on survival and growth of seedlings (Osunkoya & Creese, 1997). Seedling 
height (mean 73.31 ± 0.34mm) and number of leaf pairs (mean 2.08 ± 0.01) of each 
seedling were recorded before planting while stem diameter (mean 2.91 ± 0.01mm) 
was measured from a subsample of randomly selected seedlings (25%). Individual 
seedlings were remeasured at 3, 6, 9, 12, 18 and 24 months after planting. For 
analysis, data were converted to a growth rate in mm per month for height and 
stem diameter or leaf pairs per month for leaf pairs (G) using equation 1, where h1 
and h2 are the pre- and post-planting measurements of the seedling in mm (or leaf 
pairs), t1 is planting month (month 0) and t2 is monitoring month. 
Equation 3.1: G =
(h2−h1)
t2−t1
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Propagule planting experiment 
Based on initial results from the seedling planting experiment and a separate 
propagule planting pilot, a further experiment investigated seedling survival and 
growth at a finer spatial scale across the fringe of existing mangroves.  Propagules 
that had shed their pericarps were collected from the ground at the experimental 
sites in January 2012. Fifteen propagules were directly planted (radicle side down, 
pushed half into substrate) within a marked 1m2 quadrat and covered with a square 
of coarse wire mesh for two months to keep them from washing out. Three 
replicate quadrats were established at the boundary between mangrove forest and 
bare mudflats as well as 5m, 15m and 25m both away from the forest and into the 
forest along a single height on shore (0.25m ± 0.05m AHD, visually verified as per 
seedling planting experiment). This arrangement was repeated at one randomly 
selected site from each location of the seedling planting experiment (GV1, QF1 and 
TP2). Seedling height, stem diameter and number of leaf pairs were recorded at 3, 
9, 15 and 21 months after planting. In this experiment, individual plants were not 
successively monitored and data were pooled from each replicate plot. Growth data 
were converted to growth rate per month as per the seedling planting experiment 
using 3 month data as t1 (see equation 3.1). 
Environmental Data Collection 
Estimates of Hydrodynamic Energy 
Weight losses of clod cards (blocks of Plaster of Paris) were used as a relative 
measure of hydrodynamic energy which includes wave energy, tidal and wind-
driven currents and inundation (Doty, 1971; Porter et al., 2000).  Three 250mL clod 
card replicates were mounted onto stakes within each height on shore/proximity 
combination for the seedling planting experiment (at sites GV1, QF1 and TP2 only) 
and for each set of replicates for the propagule planting experiment (all sites). Clod 
cards were weighed before and after 14 days in the field (24 February to 10 March 
2012). 
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Temperature 
Given that frost can reduce mangrove seedling survivorship, temperature was 
monitored across locations to determine if temperature gradients existed across 
Western Port Bay and affected results. Temperature was monitored at the 
experimental sites over a period of 109 days in 2012 (28 June to 15 October). 
Temperature data loggers (Onset HOBO Pendant Temperature Data Logger) were 
deployed at the three heights on shore for the Close and Far proximities and also at 
the same three heights 100m into the forest to determine temperature effects of an 
intact mangrove canopy. The loggers were deployed at three of the seven 
experimental sites (GV1, QF1 and TP2) and logged temperature at 5 minute 
intervals. 
Sediment 
A visual/tactile estimate of sediment grain size (McKenzie, 2007) was conducted by 
hand-sampling surface and sub-surface (10cm depth – approximate level of seedling 
root zone when planted) sediments. Three replicate samples were taken from each 
height on shore/proximity combination at all seven sites and each set of propagule 
planting replicates. The method involves estimating the order of abundance of mud, 
fine sand, sand, coarse sand and gravel. The dominant constituent is given a score 
of 3, the next most dominant is given a 2 and the third most a 1. This allows a 
percentage of each grain size to be calculated (e.g. a sample which was mostly sand, 
followed by mud and then gravel would be called sand-mud-gravel. Sand is given a 
3 (50%), mud a 2 (33.3%) and gravel a 1 (16.6%)). The estimated composition 
allowed sample statistics to be generated (using GRADISTAT: (Blott, 2010). For 
comparability with other studies describing mangrove sediments (eg. Balke et al. 
2013a) the resulting median grain size was chosen for analysis. Sediment strength in 
the vertical direction (kg/cm2) was also measured at each height on shore/proximity 
combination at all seven sites using a penetrometer.   
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Wind Condition and Fetch Length 
Three years (2011-2013) of wind speed and direction data from Rhyll (Bureau of 
Meteorology, 2014) were used to derive a 12 angular sector wind rose showing 
dominant wind directions and speeds. At each location wind sectors that were 
angled greater than 15o from the shoreline were used to calculate fetch distance 
using orthographic images of Western Port Bay and then used to determine average 
fetch distance. 
Data Analysis 
Data were analysed using mixed model ANOVAs in Systat (version 13) where site 
was considered a random factor and all other factors were considered fixed. 
Assumptions of normality and constant variance were tested a priori with Q-Q plots 
of residuals and scatter plots of residuals versus predicted values respectively. Data 
were transformed when these assumptions weren’t met and method of 
transformation is indicated in plot captions. Post hoc tests for significant factors and 
interactions were undertaken using Tukey’s Honestly Significant Difference test.  
Very low survival in some treatments meant that growth rates could not be 
analysed using a full ANOVA, therefore growth rates were analysed with a seri es of 
partial analyses using data from plots with surviving seedlings (see Table 3.2).  
3.3 RESULTS 
Environmental Data 
Temperature varied very little between locations, whereas sediments did (Table 
3.1). In general, surface and subsurface sediments were finest at the TP location 
and coarsest at the QF location, with very coarse sediments found at site QF3. 
Sediment strength was similar at all experimental sites except at site TP3 which was 
firmer due to hard clay outcrops. Average wind fetch was similar betwee n the QF 
and GV locations but approximately 20% shorter at the TP location. Analysis of wind 
data revealed that strong winds can occur from the north but the most frequent 
winds are derived from the south through to the northwest (Fig. 3.2).
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Table 3.1: Summary of environmental data collected. Fetch and temperature data were collected for locations (see Fig. 3.1) only, while sediment characteristics were 
collected for each experimental site. Values are means ± 1 SE (except for fetch, which is mean only). Sediment grain size data are based on a semi-quantitative estimate 
as described in the ‘Materials and methods’ 
Location Average 
Fetch 
Distance 
(km) 
Temperature Experimental 
Site 
Sediments 
Average  
(oC) 
Average 
Minimum  
(oC) 
Average 
Maximum (oC) 
Grain Size 
(µm) at 
surface 
Grain Size 
(µm) at 
10cm 
depth 
Sediment 
Strength 
(kg/cm-2) 
Grantville 7.16 12.52 ± 0.11 8.00 ± 0.13 22.28 ± 0.18 GV1 73 ± 4 44 ± 3 0.09 ± 0.003 
Queensferry 7.26 12.41 ± 0.11 8.38 ± 0.13 20.95 ± 0.16 QF1 84 ± 14 70 ± 11 0.10 ± 0.004   
    QF2 159 ± 21 110 ± 16 0.11 ± 0.007 
 
 QF3 326 ± 9 299 ± 20 0.12 ± 0.004 
Tenby Point 5.88 12.52 ± 0.11 8.59 ± 0.12 21.42 ± 0.16 TP1 43 ± 3 26 ± 3 0.11 ± 0.009 
      TP2 45 ± 3 122 ± 61 0.11 ± 0.007 
            TP3 33 ± 1 21 ± 3 0.20 ± 0.008 
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Figure 3.2: Average percentage of wind direction and speed at Western Port Bay, Australia, over 3 
yr (2011−2013). Wind speeds increase towards the centre of the wind rose 
Weight loss from clod cards placed at the seedling planting experimental 
treatments displayed significant spatial variability (Fig. 3.3). Weight loss was 
progressively significantly greater (F2,53 = 68.86, p = 0.001) lower on the shore (Fig. 
3.3a) which was expected due to longer periods of inundation and therefore 
exposure to currents and waves. Independent of the effect of elevation, the 
interaction between location and proximity was also significant (F4,53 = 25.29, p < 
0.0005) where substantially less weight loss resulted from clod cards nearest 
existing stands at TP, a pattern that is significant but less marked at GV and absent 
at QF (Fig. 3.3b). Weight loss from clods cards placed with the propagule planting 
experiment was also affected significantly by an interaction between location and 
proximity (F12,42 = 7.28, p < 0.0005). Losses increased steadily from 25 m within the 
forest to the fringe, after which the rate of losses plateaued outside of the forest 
with no significant differences between outermost positions between locations (Fig. 
3.3c). The significant interaction between location and position indicates that effect 
of location on weight loss at each position was inconsistent largely due to 
significantly less weight loss at the 25 in position at GV. However, the general 
pattern described above was observed at all locations. 
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Figure 3.3: Weight loss of clod cards after 14 days of deployment. (a) Effect of height on shore 
treatment and (b) interaction between location and proximity to nearest mangrove forest within 
the seedling planting experiment. (c) Effect of interaction between location and position (in: 
within the forest; out: outside of the forest; numbers in the key indicate distance in metres) within 
propagule planting experiment. Bar lengths are means (± 1 SE) and those with same letter are not 
significantly different (p ≤ 0.05). For sites see Fig. 3.1. 
Seedling Planting Experiment 
Due to heavy rain in the months after planting, the majority of seedlings were 
smothered by sand from creeks near sites QF2 (mid and far proximities, all heights) 
and QF3 (all proximities and heights). These sites were excluded from the survival 
analyses and most of the growth analyses as there we too many missing values to 
successfully undertake an analysis of variance. However, the close proximity 
treatment at site QF2, which was not affected by sand smothering, was used in 
some of the partial analyses of growth.  
 117 
 
Survival 
Overall mortality was greatest in the first six months, slowing during the remaining 
18 months of the experiment (Fig. 3.4a).  By the end of the experiment, significantly 
greater survival near existing stands occurred at some sites, with no clear pattern at 
others. This is reflected in the significant interaction between proximity and site 
(F8,90 = 5.12, p < 0.0005) where the pattern is apparent at the three sites within the 
TP location but absent at sites GV1 and QF1 (Fig. 3.5a). Spatial variability in the 
effect of the interaction between site and elevation on survival  was also significant 
(F8,90 = 3.23, p = 0.003), but with no consistent patterns (Fig. 3.5b).  
 
 
Figure 3.4: Survival curves of planted Avicennia marina (a) seedlings and (b) propagules showing 
change in mean % survival (± 1 SE) over 24 months (seedlings) and 21 months (propagules). Site 
QF2 and QF3 excluded from data in (a). 
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Figure 3.5: Interaction plots showing percentage survival of Avicennia marina seedlings at 24 
months after planting. Survival by (a) proximity to remnant mangrove forest, and site (see Fig. 3.1) 
and (b) height on shore and site (b). Bars are means (± 1 SE), and those with same letter are not 
significantly different (p ≤ 0.05). 
Growth 
Similar to survival, there was substantial spatial variability in growth rates (Table 
3.2). Patterns between sites were broadly consistent with survival rates, with 
greater growth at locations with high survival. Unlike the survival results however, 
proximity was not found to be a significant factor in any of the analyses. In contrast 
to its effects on survival, height on shore played a much larger part in seedling 
growth. There was a significantly lower increase in seedling height and number of 
leaf pairs at the low treatment (site TP1) and significantly greater growth at the high 
treatment compared to mid (sites TP1, TP2 and QF1). Additionally, there was a 
decrease in number of leaf pairs and stem diameter from high to low treatments for 
all sites at close proximities.  
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Table 3.2: Growth results of Avicennia marina seedlings by plant height, number of leaf pairs and stem diameter after 24 months (continued on next page); values 
shown are mean height increase rate (mm mo−1), mean increase in number of leaf pairs (leaf pairs mo−1) and mean stem diameter increase (mm mo−1), respectively. S: 
site, P: proximity to remnant mangrove forest. H: height on shore, NA: not applicable. All means are presented ± 1 SE. #Data were square root transformed to improve 
normality. *p < 0.05, **p < 0.02, ***p < 0.001. Means with the same superscript are not significantly different (p ≤ 0.05). See Fig. 3.1 for locations of study sites 
Site(s) Analysed Analysis 
Significant 
Factors 
Proximity   
Close Middle Far   
Plant Height       
TP1 P x H H*** 3.69 ± 0.26 3.25 ± 0.32 3.17 ± 0.34  
QF1, TP1 &TP2 S x P x H (no low) S***, H** 3.38 ± 0.20 2.73 ± 0.28 3.33 ± 0.28  
All (except QF3) S x P (Close only) x H# S*** NA NA NA  
QF1, TP1, TP2 & TP3 S x P x H (High only) S** 3.22 ± 0.30 3.56 ± 0.32 4.22 ± 0.40  
GV1, QF1, TP1 & TP2 S x P x H (Mid only) S*** 2.96 ± 0.21 2.11 ± 0.35 2.57 ± 0.27  
Leaf Pairs       
TP1 P x H H*** 0.10 ± 0.01 0.10 ± 0.01 0.07 ± 0.01  
QF1, TP1 &TP2 S x P x H (no low) H*, S** 0.10 ± 0.01 0.09 ± 0.01 0.09 ± 0.01  
All (except QF3) S x P (Close only) x H H**, S*** NA NA NA  
QF1, TP1, TP2 & TP3 S x P x H (High only) None 0.11 ± 0.01 0.11 ± 0.01 0.10 ± 0.01  
GV1, QF1, TP1 & TP2 S x P x H (Mid only)# S***, S x P* 0.08 ± 0.01 0.07 ± 0.01 0.07 ± 0.01  
Stem Diameter       
QF2, TP1, TP2 & TP3 S x P (Close only) x H# S*** NA NA NA   
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Table 3.2 (cont.) 
  Height on Shore   Site 
  High Mid Low   GV1 QF1 QF2 TP1 TP2 TP3 
            
 4.46 ± 0.30a 3.56 ± 0.26a 2.39 ± 0.25b  NA NA NA NA NA NA 
 3.73 ± 0.23a 2.77 ± 0.16b NA  NA 2.01 ± 0.21a NA 4.05 ± 0.21b 2.78 ± 0.22a NA 
 3.00 ± 0.25 2.81 ± 0.17 2.41 ± 0.15  1.64 ± 0.44b 2.14 ± 0.23b 2.27 ± 0.24b 3.69 ± 0.26a 2.67 ± 0.19b 1.93 ± 0.17b 
 NA NA NA  NA 2.81 ± 0.39ab NA 4.46 ± 0.30a 2.93 ± 0.36ab 2.47 ± 0.34b 
 NA NA NA  1.31 ± 0.37b 1.89 ± 0.23b NA 3.56 ± 0.26a 2.64 ± 0.26b NA 
            
 0.13 ± 0.01a 0.10 ± 0.01a 0.05 ± 0.01b  NA NA NA NA NA NA 
 0.11 ± 0.01a 0.07 ± 0.01b NA  NA 0.05 ± 0.01b NA 0.11 ± 0.01a 0.08 ± 0.01ab NA 
 0.09 ± 0.01a 0.07 ± 0.01a 0.04 ± 0.01b  0.02 ± 0.01c 0.05 ± 0.01abc 0.04 ± 0.01bc 0.10 ±0.01a 0.06 ± 0.01b 0.05 ± 0.01bc 
 NA NA NA  NA 0.07 ± 0.02 NA 0.13 ± 0.01 0.10 ±0.01 0.09 ±0.01 
 NA NA NA  0.03 ± 0.01b 0.05 ± 0.01b NA 0.10 ± 0.01a 0.07 ± 0.01ab NA 
            
  0.16 ± 0.02 0.10 ± 0.01 0.08 ±0.01   NA NA 0.08 ± 0.01b 0.15 ± 0.02a 0.07 ± 0.01b 0.07 ± 0.01b 
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Propagule Planting Experiment 
Almost all of the propagules at the Grantville site (GV1) failed to establish because 
they were buried by drifting sand during the month after they were planted. This 
site was therefore excluded from the survival and growth analyses of the propagule 
planting experiment.   
Survival 
Similar to survival rates from the seedling experiment, survival of in-situ germinated 
propagules fell sharply in the first three months (Fig. 3.4b). Patterns of survival with 
position relative to forest edge differed between sites (F6,28 = 4.56, p = 0.002), with 
overall survival higher at TP (Fig. 3.6). There was a general decrease in survival at QF 
from inside the mangroves to the fringe before dropping dramatically outside the 
forest (Fig. 3.6). On the other hand, survival across positions at TP was much more 
stable with no significant difference between positions (except for a peak at the 
fringe position).  
 
Figure 3.6: Effect of interaction between position (in: within the forest; out: outside of the forest; 
numbers in the key indicate distance in metres) and site (see Fig. 3.1) on survival of planted 
Avicennia marina propagules after 21 months. Bars are means (±1 SE), and those with the same 
letter are not significantly different (p ≤ 0.05) 
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Growth 
Position had a significant effect on both stem diameter (F6,20 = 5.75, p = 0.03) and 
number of leaf pairs (F6,20 = 9.96, p = 0.007). These showed no change or a slight 
decrease from post-germination (3 months) to 21 months after planting at all 
positions within the mangrove forest (Fig. 3.7a, b). In contrast, both of these growth 
rate measures were significantly greater at the fringe and outside forest positions. A 
similar pattern was observed for increased plant heights within the fringe and 
outside of mangrove forests compared with inside the forest (Fig. 3.7c), but this was 
not consistent between locations with greater growth near the forest fringe of the 
QF site (interaction: F6,20 = 7.51, p <0.0005). 
 
Figure 3.7: Growth of planted Avicennia marina propagules after 21 months. (a) Increase in stem 
diameter (mm mo−1) across positions (in: within the forest; out: outside of the forest; numbers in 
the key indicate distance in metres); (b) increase in leaf pairs (leaf pairs mo−1) across position; and 
(c) increase in plant height (mm mo−1) across positions and sites (see Fig. 1). Bars are means (± 1 
SE), and those with the same letter are not significantly different (p ≤ 0.05) 
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3.4  DISCUSSION 
By examining early post-settlement dynamics both in and outside existing forests 
this paper augments recent studies addressing effects of hydrodynamic forces and 
existing forests on the establishment and early growth of mangroves.  This study 
found that when mangrove seedlings establish outside of a mangrove forest, their 
survival is affected by their proximity to that forest and that this effect can vary 
depending on the location of the forest. Higher rates of dissolution of clod cards at 
increasing distances from the same forests indicates that excessive hydrodynamic 
energy is a likely cause of a decrease in survival. Additionally, duration of inundation 
of mangrove seedlings is less important in their survival, but has a significant effect 
on their growth rates. 
Survival of planted seedlings and propagules 
The high variability in survival rates resulting from this study (1-60% for the seedling 
planting experiment and 2-76% for the propagule planting experiment) is not 
uncommon in comparable studies (e.g. 39-69%: Osunkoya & Creese 1997, 16-86%: 
Bhat et al. 2004). In this study, significantly higher survival was observed in 
seedlings planted close to existing forests at sites in one of three locations (namely 
TP). The clod card results indicate that hydrodynamic energy was significantly lower 
at close proximity to existing stands at TP than for any other proximity/location 
combination and is the likely explanation for higher survival rates. Orientation away 
from prevailing winds and a shorter fetch distance (Table 3.1, Fig. 3.2) as well as 
finer surface sediments (Table 3.1) found at TP provide additional evidence that this 
location is more protected from hydrodynamic energy. Nearby creeks are a 
probable explanation for the relatively coarse sediments found at some of the other 
locations however coarser sediments are also found at sites where creeks are 
absent. This is likely a symptom of more vigorous water movement which is able to 
transport coarser sediments onto the mudflats at these sites and/or continually 
remove the smaller size fractions (Quartel et al., 2007). In estuarine environments, 
smaller sediment particles have lower settling velocities and therefore particle size 
is negatively related to water velocity (Gray, 1981). 
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The clod card results from the propagule planting experiment indicate that 
protection from the mangrove forest is gained very quickly with distance into the 
forest (Fig. 3.3c). The high mortality of propagule-planted seedlings at the more 
exposed QF site was consistent with the rapid increase of hydrodynamic energy 
outside of the forest whereas survival across this boundary at the more protected 
TP site was more stable. At QF, some deaths were caused by the physical wrenching 
out or toppling of the seedlings, consistent with mechanisms of mortality identified 
in related flume studies (Balke et al., 2011). Interestingly, observations did not 
reveal that uprooting and toppling was a common cause of mortality in the seedling 
planting experiment. This is likely due to the method of planting e mployed in this 
study which was developed through earlier community plantings in Western Port in 
response to the uprooting of seedlings planted straight into the mudflat. The 
deeply-placed carton stabilises the plant more effectively and results here sugge st 
that mortality is also caused by factors additional to the uprooting or toppling of the 
seedling suggested by others (Clarke & Allaway, 1993; Clarke & Myerscough, 1993; 
Balke et al., 2011). Observations of defoliation and necrosis of leaves and stems 
suggest that conditions away from existing forests, including mechanical stress may 
be having negative physiological effects on the seedlings similar to stress caused by 
wind in terrestrial plants (Jaffe & Forbes, 1993; McArthur et al., 2010). Leaf necrosis 
is also common in frost affected mangroves (Wang et al., 2011). While protection 
from frosts is a potential effect of proximity to existing forests it is an unlikely 
mechanism in this case based on temperature data collected. Mechanical stress at 
the anatomical/physiological level may be an important mechanism affecting 
mangrove regeneration and restoration and requires further research.  
Growth of planted seedlings and propagules 
Reflecting their latitudinal position, overall growth rates in this study were  low, 
ranging from 1.31 to 4.46 mm increase in plant height per month for the seedling 
planting experiment and -0.83 to 10.45 mm/month for the propagule planting 
experiment. This is comparable to another study conducted at a similar latitude in 
New Zealand where stem height increase was 4.67 mm/month over 12 months 
(Burns & Ogden, 1985) and during an earlier study in Western Port Bay where 
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seedlings grew 5-7 mm/month over four months (Farrell & Ashton, 1974). However 
these rates are substantially less than growth rates in subtropical A. marina of 
between 56 and 75mm/month in the United Arab Emirates (Anwahi et al., 1998). A 
concern in this study was that raising seedlings in cartons would limit their growth 
through the restriction of their root system. This did not appear to be the case and 
growth rates of successful seedlings were comparable between the seedling-
planted and propagule-planted experiments.   
Within sites, and unlike survival, plant growth was not enhanced by the proximity to 
existing stands but was greater at the TP site. Results show that for growth, height 
on shore is a far more important factor with seedlings planted at the high position 
growing at almost double the rate of those planted at the low position. This is 
consistent with tropical studies that have shown longer inundation periods to 
reduce survival and growth rates (Smith, 1987; Kitaya et al., 2002) but not with 
Clarke and Myerscough (1993) who recorded an increased growth rate at lower 
intertidal levels of a temperate Australian forest. These disparities may relate to 
differences in species, location or in descriptions of planting level relative to tide. 
Additionally, salinity can be very high in higher elevations of mangrove forests, 
especially where precipitation is low and evaporation is high, and this can reduce 
growth rates of mangrove seedlings (Krauss et al., 2008). However, direct 
comparisons are difficult as many field studies examining effects of inundation on 
survival and growth of mangroves have not demonstrated how elevation of planting 
sites relative to tide was determined.  
The propagule planting experiment showed that growth rates are significantly 
affected by finer scale position across the transition zone between the forest and 
the bare mudflat. Growth seems to be hindered within the forest and this is 
consistent with studies that have found that seedlings are able to establish in shady 
areas but their ongoing growth and survival depends on sufficient sunlight (Clarke & 
Allaway, 1993; Osunkoya & Creese, 1997; Minchinton, 2001). It appears there is an 
optimum growth area around the fringe and five to fifteen meters outside of it 
before growth is reduced further away (Fig. 3.7).  
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Resilience and stable states 
The hypothesis that the resistance of the bare mudflat state to 
regeneration/restoration decreases with increasing proximity to an existing 
mangrove forest appears to hold true. This study suggests this resistance is linked to 
the protection the forest provides from hydrodynamic energy and its associated 
physical effects. The likelihood of an ecosystem moving from one stable state to 
another is driven by changes in state variables (e.g. population density) and/or 
parameters (e.g. environmental drivers) (Beisner et al., 2003). In this case a large 
disturbance, clearance of an entire section of mangrove forest fringe affecting the 
state variable of mangrove forest density (reduced to zero), has resulted in a shift 
from the former stable state (intact forest) to the new stable state (bare mudflats). 
Clearance of the forest has led to the change in at least one of the parameters (i.e. 
exposure to hydrodynamic energy). This parameter has been shown to reduce the 
capacity for natural recruitment and establishment of mangrove seedlings (Balke et 
al., 2011) and, in this study, survival of planted mangroves adjacent to disturbed 
forests. Reduced outside-forest survival at locations with greater exposure suggests 
that this parameter varies spatially in its importance in maintaining the bare state 
and that forests with less shelter from hydrodynamic energy are less resilient to 
disturbance. Historical aerial photography in such locations indicates little natural 
regeneration over a number of decades, demonstrating that the bare state is highly 
resilient and resistant to natural mangrove regeneration.  
Implications for mangrove restoration 
This study has shown that successful restoration of the mangrove forest through 
planting appears to be more likely at sites protected from hydrodynamic energy 
although long term experiments following survival and growth of trees to maturity 
would be required to fully assess this conclusion. It has also highlighted that 
seedlings in bare areas outside of existing forests are not only susceptible to being 
uprooted or pushed over by strong hydrodynamic forces, but the constant 
mechanical stress caused by these forces may be having a chronic effect on the 
seedlings. In this case it appears that using existing mangrove forests as a node 
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from which to expand their extent would be a sensible strategy for unde rtaking 
mangrove restoration. However, mass plantings in exposed/semi -exposed areas 
(e.g. for sequestering meaningfully large amounts of carbon or protecting long 
stretches of coastline) would not necessarily have the luxury of protection from 
existing vegetation. In these cases, physical protection from hydrodynamic energy 
during the vulnerable period in which they are most susceptible to mortality from 
excessive water movement appears to be necessary. Potential artificial protection 
can be provided by temporary breakwaters (Hashim et al., 2010) or permeable 
groynes (Winterwerp et al., 2013) although resulting changes in sediment dynamics 
can have negative geomorphological effects. Recent trials of more local protection 
of seedlings using short lengths of PVC pipe placed over individual plants have 
resulted in a substantial increase in survival compared to unprotected seedlings and 
have a lower risk of unexpected changes to sediment dynamics (Hurst, 2013).  
The protection of coastal areas from climate change driven increases in wave 
energy through the establishment (or eco-engineering) of coastal vegetation is an 
idea that is gaining popularity (Arkema et al., 2013; Duarte et al., 2013; Bouma et 
al., 2014). Given the widespread destruction of mangrove forests around the globe, 
there is likely to be many places where protection of the coastline can be improved 
or restored through establishment of mangrove forests. However, this study 
highlights that it may not be as easy as replacing what was once there. The re ason 
for this is that the original disturbance of the forest can result in a change in the 
level of protection that a mature mangrove forest provides to new seedlings.  We 
argue that this leads to the initiation of an alternative stable state (also identif ied in 
other degraded coastal ecosystems by Bouma et al. (2014)) and the effort required 
to restore the ecosystem to its former state is much greater than through simple 
replanting projects. 
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Chapter 4  
 
 
Propagule harvesting and seedling 
selection techniques can influence 
Avicennia marina restoration success 
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SUMMARY: 
Mangrove forests are amongst the most threatened ecosystems in the world and 
their restoration is increasingly being recognised as crucial in contributing to climate 
change adaptation and mitigation as well as avoidance of biodiversity loss. Success 
in restoring mangrove ecosystems around the world has been variable and the 
development of robust restoration techniques is vital to ensure future success. In 
this study, I assessed the importance of three key variables that may facilitate 
future restoration efforts for Avicennia marina in southern Australia: 1) propagule 
collection method (i.e. abscised propagules collected from the ground versus those 
collected from the tree); 2) importance of propagule size; and 3) timing of 
propagule collection (early, mid and late fruiting season). The importance of these 
three variables was assessed in the nursery and then followed by planting seedlings 
in the field. During nursery development, propagules picked straight from trees 
resulted in lower and more variable seedling survival rates (range = 34 –92%) than 
those collected from the ground (range 92 –100%). In terms of the timing of 
collections, the largest, ground collected propagules collected during the middle of 
the fruiting season produced the tallest seedlings (182 ± 4.10mm) with the thickest 
stems (3.9 ± 0.09mm). However, the influence of propagule size on seedling leaf 
development (mean = 3.46 ± 0.07 leaf pairs) was inconsistent across col lection 
times and leaf development did not differ for propagules of varying size collected 
early in the fruiting season. The survival of nursery plants that had been 
transplanted into the field for 10 months was greatest (80% survival) for nursery 
seedlings that were taller than 125mm and had three or more leaf pairs. Survival fell 
to 50% for nursery seedlings that were less than 100mm tall and had two or less 
leaf pairs. This was true to a lesser extent after 30 months following transplanting 
into the field, when environmental conditions appeared to play a stronger role in 
seedling survival than initial seedling size. Therefore, it is recommended that the 
most effective procedure for growing A. marina for restoration efforts in southern 
Australia is collecting larger propagules from the ground during the peak of the 
fruiting season followed by transplanting nursery seedlings once they are greater 
than 125mm in height and have at least three leaf pairs. 
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4.1 INTRODUCTION 
Mangrove forests exist in muddy, sheltered intertidal areas along many coastlines in 
the tropics and extending to some temperate regions of the world. They provide a 
range of important ecosystem services including habitat for marine organisms 
(Hutchings & Saenger, 1987), protection of coasts from storm driven waves and 
tsunamis (Alongi, 2008), and high rates of catchment-derived carbon sequestration 
(Mcleod et al., 2011). However, mangrove forests are declining at a rate of 
approximately 0.2-0.3% per year (Hamilton & Casey, 2016) and vast areas have 
been destroyed, mostly through coastal development and agricultural activities, 
particularly pond aquaculture (Alongi, 2002). The alarm caused by the heavy losses 
of mangrove forests around the world, coupled with an increasing understanding of 
their value to humans and the natural world, has led to an increasing focus on the 
restoration of this ecosystem over the last decade (Dale et al., 2014).  
Mangrove restoration activities have been fraught with difficulties resulting in many 
failures around the globe (Winterwerp et al., 2013). Many of these failures have 
been associated with active restoration techniques, such as planting mangrove 
propagules or seedlings at a degraded site. Some practitioners have suggested that 
these failures can be avoided using passive techniques such as restoration of 
hydrological regimes to induce natural regeneration (Lewis, 2005). While 
restoration success rates can be significantly improved using hydrological 
restoration techniques, costs associated with this approach, which includes large 
scale earth moving, channel construction and mudflat contouring can be very high 
(Bayraktarov et al., 2016). On the other hand, mangrove restoration through well -
planned planting in areas where the hydrological regime remains intact, togethe r 
with selection and planting of appropriate species, has been shown to be more 
cost-effective and very successful, with greater than 85% survival recorded in some 
projects (Teas, 1977; Ainodion et al., 2002; Proffitt & Devlin, 2005; Primavera & 
Esteban, 2008). In order to restore large areas of degraded mangrove forests 
around the world, incorporating the planting of mangrove seedlings or propagules 
remains a crucial and economical restoration tool for coastal managers.  
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A common mangrove planting technique involves collecting mangrove propagules 
and raising seedlings in a nursery before transporting and planting at a given 
restoration site (Bayraktarov et al., 2016). Whilst mangrove propagation techniques 
vary immensely around the world due to species and climatic differences, when 
planning mangrove restoration projects, a number of common problems are faced 
by mangrove restoration practitioners. These include a lack of knowledge 
associated with the best timing of propagule collection, the most appropriate 
collection method (e.g. from the tree or ground) and optimal propagule size that 
leads to the most effective seedling survival and growth. 
Table 4.1 summarises the nursery techniques used in a range of locations for 
Avicennia marina, a commonly used species for mangrove restoration in many parts 
of the world and the subject species in this study. There appears to be a general 
preference for collection of fallen propagules from the ground although some 
literature suggests that picking directly from the tree is also appropriate. 
Information about the timing of propagule collection during the fruiting season for 
each location was not readily available (and would vary depending on the climate of 
the location). However, this information is important due to the opportunity to 
minimise costs by collecting propagules later in the season and therefore reducing 
nursery storage time which can be very expensive (Saenger, 1996). Generally, the 
readiness of seedlings for planting has been determined by either the length of  time 
growing in the nursery, which is related to collection timing depending on fruiting 
season length, or by the height of seedlings. There are few analyses of the most 
appropriate mangrove seedling propagation techniques in the published literature, 
which is not surprising given the lack of publications on mangrove restoration 
success, and particularly, failures (Clough, 2008). 
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Table 4.1 Summary of mangrove propagation techniques for Avicennia marina. NA denotes no 
information available. 
Location 
Propagule 
Collection 
Method 
Length of 
time grown 
in nursery 
Size of 
propagules 
when 
collected 
Height of 
seedlings 
when 
ready for 
planting Reference 
Kuwait NA NA NA 20-25cm (Bhat et al. 2004) 
Asia Pacific 
Region 
Tree or 
ground 
NA NA 30cm 
(Chan and Baba 
2009) 
Malaysia NA NA NA 20cm 
(Motamedi et al. 
2014) 
Philippines Tree 3-7 months    NA NA 
(Sinohin and 
Baconguis 2000) 
India NA 8 months >1.5g 50cm 
(Ravishankar and 
Ramasubramanian 
2004) 
Sri Lanka NA 3-4 months NA NA (Qureshi 2008) 
Bangladesh Ground 1-2 months NA NA 
(Saenger and Siddiqi 
1993) 
Australia 
(Brisbane) 
Tree or 
ground 
4-6 months NA NA (Saenger 1996) 
Australia 
(NSW) 
Ground NA NA 20-40cm 
(Stewart and Fairfull 
2008) 
Consideration of A. marina propagule size during their collection for propagation i s 
rarely mentioned in publications describing mangrove restoration techniques and 
this is likely due to the variation in propagule size across latitudes (Morrisey et al., 
2010). However, propagule size also varies within a region (Sousa et al., 2003) and it 
is crucial for mangrove restoration practitioners to know whether collecting 
propagules of a certain size range (e.g. ‘only the largest’ versus ‘any size’) will 
influence restoration success. Propagule size is one aspect of mangrove restoration 
that has received some analysis, albeit using different species. In Florida, total leaf 
area of Rhizophora mangle seedlings was positively correlated with initial propagule 
mass (Lin & Sternberg, 1995). Additionally, on the Caribbean coast of Panama, 
larger propagules from three local species (Avicennia germinans, Laguncularia 
racemosa and R. mangle) developed into taller seedlings with more pairs of leaves 
(Sousa et al., 2003). Both of these studies, however, were completed in nursery 
conditions and in tropical or sub-tropical areas, rather than cool temperature areas. 
In addition, they did not subsequently assess whether larger seedlings resulted in 
higher survival and growth rates in natural conditions.  
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Restoration practitioners who are involved in collecting mangrove propagules for 
nursery propagation need to be aware of propagule development characteristics as 
well as factors which may affect propagule quality in order to produce the most 
viable seedlings for successful restoration. Mangrove fruit, (known as propagules 
after detachment from the parent tree), are viviparous, or cryptoviviparous in the 
case of Avicennia (Duke, 1991). Vivipary is a trait that allows mangrove propagules 
to establish very quickly after abscission from the parent tree, given the right 
conditions (Tomlinson, 2016). Cryptovivipary differs from vivipary only in that the 
embryo which has developed while the fruit is still attached to the parent tree has 
not yet broken through the pericarp. While developing on the parent tree, fruit are 
susceptible to insect herbivory, which can prematurely kill the fruit or severely 
reduce their ability to thrive if they go on to establish as seedlings (Robertson et al., 
1990; Clarke, 1992; Sousa et al., 2003). Mature fruit will abscise naturally from the 
parent tree although abscission can be accelerated as a result of infrequent severe 
weather events (Clarke, 1992). For a practitioner tasked with picking fruit straight 
from trees, maturity can be indicated by the ease of which a fruit can be physically 
detached or shaken from branches. Additionally, many mangrove fruit will change 
colour as they become mature (Hong, 1996; Ravishankar & Ramasubramanian, 
2004). Most of these indicators of maturity are somewhat subjective and is the 
likely reason that recommendations are made to collect fallen propagules directly 
from the ground which (except for the premature abscission of fruit by weather 
events) would appear to be a more reliable indicator of maturity. However, after 
detachment from the parent tree, propagules have been found to be viable for only 
a few days due to desiccation (Farrant et al., 1986; Saenger & Siddiqi, 1993) and are 
also subject to further damage by predation, chiefly by crabs (Dahdouh-Guebas et 
al., 1998). Care can be taken by collectors to avoid immature or damaged 
propagules using the above information, however, general advice for practitioners 
regarding the optimal timing of collection, source (from the tree or the ground) or 
size of propagules is less clear and would be extremely useful in directing 
practitioner collection efforts and effective and efficient production of seedlings in 
the nursery. 
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In temperate mangrove ecosystems, there has been variable success with growing 
seedlings in a nursery as well as much failure when transplanting nursery seedlings  
into the field (Morrisey et al., 2010). Due to the propensity for mangroves to 
significantly reduce their growth rates during colder months of the year (Farrell & 
Ashton, 1974), there is a short window for growing seedlings in the nursery and 
therefore optimisation of mangrove propagation techniques is essential for success 
of future restoration projects. Additionally, high mortality rates experienced in the 
early stages of the planting experiments detailed in Chapter 3 could be avoided by  
optimising propagation techniques for restoration projects in Western Port Bay. 
This study aimed to answer the following questions to assist in providing practical 
information to mangrove restoration practitioners; 
1. How do mangrove propagation techniques (month of propagule collection, 
propagule size, tree vs ground collection) affect survival and growth of 
mangrove seedlings raised in nursery conditions? 
2. Does production of larger mangrove seedlings in the nursery translate to 
higher growth and survival of those seedlings after planting in the field? 
 
4.2 MATERIALS & METHODS 
Study Site 
Western Port Bay (145o21’E, 38o20’S) is a tidal embayment approximately 70km to 
the southeast of Melbourne, Australia. Around 1800 ha of mangrove forest fringe 
the bay and at this location are close to the global latitudinal limit of mangrove 
distribution (the highest latitude forests are at Corner Inlet, 90km southeast)  (Boon 
et al., 2011). The forest consists of a single species, Avicennia marina (Forsk.) Vierh. 
var. australasica (Walp.) Moldenke. The largest areas of forest are found along 
coastlines protected from prevailing winds while there are patchy mangroves along 
other parts of the bay’s coastline. One cause of this patchiness is that mangroves 
were cleared in parts of the bay during the 19th century for boat access, firewood 
and the production of soda ash for soap making (Bird, 1975; Bird, 1986). Some of 
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these cleared forests have failed to recover naturally (Hurst et al., 2015, Chapter 3) 
and have been the focus of restoration activities.  
Nursery Experiment 
Propagules (fruit) were collected at Tooradin on the northern shore of Western Port 
Bay on the 17th of December 2012. Propagules are known to begin natural 
abscission from parent trees in December at this location. Further propagule 
samples were collected on the 21st of January and 22nd of February 2013. 
Approximately 500 propagules of all sizes were collected from trees and from the 
ground beneath during each sample collection month. Propagules were picked 
randomly from all reachable parts of trees and collectors were instructed to pick 
those that were yellowish in colour and easily detachable from the trees. 
Propagules that were collected from the ground were inspected to ensure there 
was no visible damage from insect or crab herbivory and no extension of the 
hypocotyl, which indicates that they had recently abscised from the parent tree. 
Collected propagules were immediately transported to a nursery (approximately 
30km west of Tooradin) and placed in seawater to stimulate the shedding of the 
outer pericarp. After soaking for 24 hours, the propagules were air-dried, weighed 
and 50 individuals were selected and allocated to each of four size classes (small; < 
2g, medium; 2.25-3g, large; 3.15-4.25g and extra-large; > 4.5g) for each collection 
method and month. There were no extra-large propagules collected from the 
ground in December as very few had fallen from the trees this early in the season. 
The total number of propagules collected across all treatments was 1,150. Each 
individual propagule was planted (radicle side down, pushed one third into the soil) 
into a coated cardboard container that was two thirds full of a 50% sand and 50% 
loam soil mixture. The cardboard containers were stored in two large fibreglass 
baths located within a plastic covered greenhouse and were flooded to the 
container soil surface level twice daily with saline (10 PSU (Clough, 1984)) water 
pumped from a central tank. Germination (indicated by emergence of the apical 
shoot) and growth parameters (seedling height and number of leaf pairs) were 
monitored fortnightly until April 2013 and once more before planting in July. Stem 
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diameter of seedlings was also recorded once in July for a randomly selected 25% 
sub-sample due to the time-consuming nature of this data collection method.  
Temperature was monitored with temperature data loggers (Onset HOBO Pendant 
Temperature Data Logger) hung from the roof of the greenhouse and therefore 
provided temperature readings that were much higher than both outside and bath 
temperature but provided an indication of variation of relative temperatures 
through time. Salinity of the water being pumped into the storage baths was also 
monitored (Hanna Multi Range Conductivity Meter, Model no.HI9033) to ensure 
that salinity remained at approximately 10PSU.  
Planting Experiment 
Following the nursery experiment, all surviving seedlings (n = 898) were transported 
to Grantville on the east coast of Western Port Bay and planted at a single site in 
July 2013. The planting site was a bare mudflat between existing patches of 
mangrove forest and was chosen due to its history of formerly supporting mangrove 
forest as indicated by historical coastal vegetation mapping (Smythe, 1842). The 
mudflat at the site consisted of a very gradual slope, which was determined by 
observing the incoming tide, and was therefore suitable for planting a large number 
of seedlings without substantial variation in inundation period. Additionally, 
topographical survey and sediment sampling undertaken for a previous study (Hurst 
et al., 2015, Chapter 3) confirmed that the elevation (between 0.1 and 0.7m AHD) 
and sediment characteristics of the site were appropriate for planting based on the 
broader distribution of mangroves in the bay.  Seedlings were randomly se lected 
from the pool of nursery grown seedlings and planted in 12 rows running parallel to 
the shoreline. Rows were spaced 0.5m apart to ensure minimal variation in 
inundation period without compromising access between the rows required for 
monitoring purposes. Plants within rows were also spaced 0.5m apart resulting in a 
total planting area of approximately 240m2 (40 x 6m). Survival and growth (seedling 
height, stem diameter and number of leaf pairs) were monitored in November 
2013, February 2014 and May 2014. The seedlings were also revisited in January 
2016, thirty months after planting, but only survival was monitored at this time.  
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Statistical Analysis 
All analyses used R ver. 3.3.1 software (<www.r-project.org >). Germination/survival 
in the nursery was analysed using multiple logistic regression with the ‘glm’ 
function, and included a binary dependent variable (1 = alive and 0 = dead at the 
end of the nursery experiment) and the categorical independent variables, of 
collection month, collection method and propagule size class. Growth in the nursery 
experiment was analysed using a linear model (ANOVA) with propagule size class, 
collection method and month of collection as factors and final seedling height, stem 
diameter and number of leaf pairs used as the dependent variables. Given the 
absence of extra-large propagules on the ground in December, two separate models 
were fitted. The first excluded extra-large propagules across all collection method 
and collection month combinations and the second excluded December collected 
propagules across all collection method and propagule size combinations. 
Assumptions of normality and constant variance were confirmed visually with Q−Q 
plots of residuals and scatter plots of residuals versus predicted values, respectively. 
Post hoc tests for significant factors and interactions were undertaken using Tukey’s  
Honestly Significant Difference test.  
Final seedling measurements (height, leaf pairs and stem diameter) from the 
nursery experiment were used as the basis for tests of influence of seedling size at 
planting on subsequent survival and growth. Logistic regression was used to 
calculate the probability of seedling survival ten and thirty months after seedlings 
were planted at the planting site using the ‘glm’ function. Results are presented in 
combined histogram and logistic curve graphs (as recommended by (Smart et al. 
2004)) which were produced using the ‘plot.logi.hist’ function in the ‘popbio’ 
package. The goodness of fit of the logistic regression models was assessed using 
Tjur’s Coefficient of Discrimination, D (Tjur 2009) using the ‘cod’ function in the 
‘sjmisc’ package. Tjur’s D is calculated by subtracting the mean of fitted probability 
estimates for dead seedlings from the mean of fitted probability estimates for living 
seedlings. Additionally, a hierarchical partitioning analysis using the ‘hier.part’ 
package was undertaken to determine the independent and joint contribution of 
each independent variable to log-likelihood of survival. 
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Due to the assumption that collinearity would exist between growth variables and 
would therefore be an issue for any multiple regression, simple linear regressions 
using the ‘lm’ function were used to separately analyse the effect of initial seedling 
measurements on final seedling heights, number of leaf pairs and stem diameters at 
the end of the ten months after they were planted. To determine each independent 
variable’s independent and joint contribution to variance in each of the growth 
rates, hierarchical partitioning was again used. 
4.3 RESULTS 
Nursery Experiment 
a) Germination/survival 
The majority of propagules collected from the ground across all months had 
germinated by the twentieth day after being sown (Fig. 4.1). Ground collected 
propagules germinated at consistently high rates with over 92% of propagules 
surviving to seedlings at July 2013 (Table 4.2). Conversely, propagules picked from 
trees were still germinating at five or more weeks after being sown and final 
survival rates were generally lower and more variable (34-92%) than survival rates 
for ground collected propagules (92-100%). The multiple logistic regression for all 
factors showed that collection method (p < 0 .001) had a significant effect on 
seedling survival with propagules collected from the ground resulting in generally 
much higher survival rates (Fig. 4.1). There was also a significant interaction 
between collection month and propagule size (p < 0.001) which is likely due to the 
variability in survival rates across propagules sizes from month to month. For 
example, similar survival rates were observed across all sizes of propagules 
collected from trees with the exception of medium propagules collected in 
December and small propagules collected in February (Fig. 4.1) 
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Figure 4.1: Germination /survival curves for nursery propagules planted in December (a), January 
(b) and February (c), n=50 
Table 4.2: Final percentage of nursery seedlings surviving at July 2013 for all experimental factors, 
n = 50. 
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b) Growth  
As this study’s main focus was to determine what propagule collection method 
results in the largest seedlings for planting in a given season, only final seedling 
measurement analyses for the nursery experiment are presented. Plots of growth 
versus time are presented in the Appendix for the reader’s interest. Final growth 
measures of seedlings were quite variable. Final seedling heights ranged between 
20 and 253mm and final stem diameters ranged from 1.83 to 5.33mm. The final 
numbers of leaf pairs per seedling were between one and five pairs, with a small 
number of seedlings (n = 15) displaying branching whereby additional leaf pairs 
grew from lower leaf nodes. 
The analyses of each growth characteristic including all factors resulted in a number 
of three-way interactions so for ease of interpretation and given the generally lower 
survival of tree versus ground collected propagules, the ground and tree collection 
data sets were analysed separately. When analysed without extra-large propagules, 
heights of seedlings derived from ground collected propagules were significantly 
different across propagule sizes (F2, 426 = 85.42, p < 0.001) and collection months (F2, 
426 = 150.40, p < 0.001) (Fig. 4.2a) with no interaction between the two found. Post 
hoc tests indicated that seedling heights increased among each category of 
propagule size and were significantly larger when collected in December and 
January compared to February (Fig. 4.2a). When analysed with extra-large 
propagules (i.e. excluding December collected propagules) there was a significant 
interaction between collection month and propagule size (F3, 377 = 5.13, p < 0.010) 
(Fig. 4.2a). The interaction was explained by seedling heights decreasing with 
propagule size for both January and February, but with a marked effect in January, 
and no significant difference between medium and large propagule sizes collected 
in February (Fig. 4.2a, Table 4.3). Seedlings grown from all propagule sizes collected 
in January were larger than the equivalent propagule sizes collected in February 
(Fig. 4.2a).  
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Figure 4.2: The effect of the size of propagules, collection method and month of collection on 
seedling height (n = 898, a), number of leaf pairs (n = 898, b) and stem diameter (n = 337, c) by the 
end of the nursery experiment.  Bars are means (± 1 SE). 
The height of seedlings grown from propagules collected from trees was 
significantly affected by an interaction between month and propagule size (F6, 356 = 
6.02, p < 0.001) (Fig. 4.2a). The tallest seedlings resulted from the extra-large 
propagules collected in December and January as well as the large propagules from  
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December. Seedling size increased with increasing propagule size collected in 
December and February although final seedling height was much lower in February  
(Fig. 4.2b). There was very little difference, on the other hand, in height of seedlings 
grown from small, medium and large propagules collected in January (Table 4.4). 
For number of leaf pairs resulting from seedlings grown from ground collected 
propagules, the analysis without extra-large propagules showed a significant 
interaction between propagule size and collection month (F4, 426 = 2.97, p < 0.050). 
The interaction resulted from differences among propagule sizes occurring during 
February, but not during December or January (Fig. 4.2b). There was also a 
significant interaction between month and size (F3, 377 = 6.21, p < 0.001) when extra-
large propagules were included in the analysis (excluding December collected 
propagules). Seedlings grown from all propagule sizes collected in January had more 
leaf pairs than those collected in February but the only significant differences 
between sizes were between the small and large/extra-large propagules collected in 
February, but not January (Fig. 4.2b, Table 4.3).  
For tree collected propagules, there was again a significant interaction between 
collection month and propagule size (F6, 356 = 4.21, p < 0.001). Similar to ground 
collected propagules, seedlings grown from propagules collected earlier in the 
season grew the highest number of leaf pairs, however propagule size had a weaker 
effect within each month where only small propagules had significantly fewer 
leaves in January (Fig. 4.2b, Table 4.4).    
Seedling stem diameters showed similar patterns to heights. Analysis of all months 
for ground collected propagules (excluding extra-large propagules) showed 
significant differences in stem diameters of seedlings according to size (F2, 124 = 
30.48, p < 0.001) and month of collection (F2, 124 = 21.55, p < 0.001) with no 
interaction between these. Post hoc tests showed significant increases in stem 
diameter between small, medium and large propagules and seedlings grown from 
February collected propagules had thinner stems than those grown from 
propagules collected in the two months prior. When extra-large propagules were 
included in the analysis (excluding December collected propagules), there was a 
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significant interaction between collection month and propagule size (F3, 111 = 6.04, p 
< 0.001). Larger propagules generally resulted in seedlings with thicker stems, but 
this effect was greater for January propagules, and January grown seedlings had 
greater stem diameters than February grown seedlings (except for the large size) 
(Fig. 4.2c).  
The analysis of stem diameters resulting from seedlings grown from tree collected 
propagules also showed a significant interaction between collection month and 
propagules size (F6, 162 = 3.82, p < 0.010). Stem diameters followed a very similar 
pattern to those resulting from seedlings grown from ground collected propagules 
across collection months and propagule sizes and, unlike seedling heights which 
differed between the two collection methods, there was little difference in final 
stem thicknesses between the two collection methods (Fig. 4.2c, Table 4.4).  
 
Table 4.3: Tukey’s HSD test results for ground collected propagules where significant collection 
month x propagule size interactions occurred (Seedling height: no December propagules analysis; 
No. of leaf pairs: both no December and no Extra Large propagule analyses; Stem diameter: no 
December propagules analysis). Means (± SE) and those with the same letter are not significantly 
different (p ≤ 0.050). 
 
 
 
 
 
 
Col lection 
Month
Propagule 
Size
Mean
No Dec 
Post-hoc 
Mean
No XL 
Post-hoc 
No Dec 
Post-hoc 
Mean
No Dec 
Post-hoc 
Smal l 117.83 ± 3.11 3.28 ± 0.12 a,b 2.94 ± 0.08
Medium 139.81 ± 3.57 3.60 ± 0.13 a 3.16 ± 0.04
Large 157.68 ± 3.28 3.47 ± 0.10 a 3.53 ± 0.1
Extra  Large NA NA NA
Smal l 119.10 ± 3.02 d 2.97 ± 0.08 b a 2.86 ± 0.06 c,d
Medium 136.59 ± 3.40 c 2.93 ± 0.07 b a 3.23 ± 0.09 b
Large 150.96 ± 3.76 b 3.00 ± 0.08 b a 3.35 ± 0.08 b
Extra  Large 181.66 ± 4.10 a 3.08 ± 0.10 a 3.92 ± 0.08 a
Smal l 81.89 ± 2.50 f 1.50 ± 0.07 d d 2.55 ± 0.09 d
Medium 101.26 ± 2.65 e 1.81 ± 0.05 c,d c,d 2.79 ± 0.07 c,d
Large 110.95 ± 2.74 e 2.06 ± 0.05 c b,c 3.04 ± 0.06 b,c
Extra  Large 124.52 ± 2.06 c, d 2.18 ± 0.05 b 3.02 ± 0.07 b,c
Seedl ing height (mm) No. of Leaf Pa irs Stem Diameter (mm)
December
January
February
 144 
 
 
Table 4.4: Tukey’s HSD test results for tree collected propagule analysis which resulted in a 
significant collection month x propagule size interaction for all analyses. Means are ± 1 SE and 
those with the same letter are not significantly different (p ≤ 0.050). 
 
Planting Experiment 
a) Seedling Survival 
Nearly 70% (627 of 898) of seedlings planted in July 2013 were alive ten months 
after planting in May 2014. Survival was significantly related to initial seedling 
height (z = 4.40, D = 0.21, p < 0.001) and number of leaf pairs (z = 3.14, D = 0.15, p < 
0.010), but not stem diameter (z = 1.52, D = 0.13, p = 0.120). The planting of small 
seedlings (< 100mm) exhibited less than 50% survival, while seedli ngs above 
125mm at planting  exhibited 80% survival after ten months in situ (Fig. 4.3a). 
Additionally, predicted survival jumped from less than 50% for seedlings with two or 
less pairs of leaves to around 80% for seedlings planted with three or more leaf 
pairs (Fig. 4.3b). The Tjur’s D indicates that seedling height had a stronger 
relationship with survival than number of leaf pairs.  
By January 2016, thirty months after the seedlings were planted, only 94 seedlings 
(10.5%) were still alive. Again, survival was significantly related to initial seedling 
height (z = 2.083, D = 0.04, p < 0.05) and number of leaf pairs (z = 2.252, D = 0.02, p 
< 0.05), but with a much weaker relationship. No seedlings with an initial height of 
Col lection 
Month
Propagule 
Size
Mean Post-hoc Mean Post-hoc Mean Post-hoc 
Smal l 85.61 ± 4.43 c,d 2.68 ± 0.13 b 2.84 ± 0.09 c,d,e
Medium 115.54 ± 4.67 a,b 3.25 ± 0.19 a 3.10 ± 0.10 b,c,d
Large 142.65 ± 4.42 a 3.45 ± 0.13 a 3.35 ± 0.11 a,b,c
Extra  Large 142.19 ± 5.80 a 3.28 ± 0.11 a 3.68 ± 0.19 a,b
Smal l 103.39 ± 4.69 a,b,c 2.91 ± 0.12 a,b 3.12 ± 0.13 b,c,d
Medium 99.21 ± 6.16 b,c 2.42 ± 0.11 b,c 2.88 ± 0.10 c,d,e
Large 97.88 ± 8.69 b,c 2.52 ± 0.17 b,c 2.91 ± 0.12 c,d,e
Extra  Large 128.62 ± 7.88 a 2.87 ± 0.13 a,b 3.85 ± 0.17 a
Smal l 52.19 ± 4.78 e 1.52 ± 0.11 d 2.57 ± 0.11 d,e
Medium 63.27 ± 4.31 d,e 1.84 ± 0.07 b,c,d 2.48 ± 0.08 e
Large 66.25 ± 5.17 d,e 1.66 ± 0.09 d 2.90 ± 0.13 c,d,e
Extra  Large 77.42 ± 5.61 c,d,e 1.82 ± 0.08 c,d 2.77 ± 0.12 c,d,e
Seedl ing height (mm) No. of Leaf Pa irs Stem Diameter (mm)
December
January
February
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less than 60mm survived to 30 months after planting (Fig. 4.4a) while only two 
seedlings planted with one leaf pair survived (Fig. 4.4b).   
 
Figure 4.3: Fitted logistic regression curves displaying probability of seedling survival in May 2013 
(ten months after planting) based on seedling height (a) and number of leaf pairs (b) at the time of 
planting. The histograms represent frequency of observed surviving seedlings ten months after 
planting (0 = dead seedlings, 1 = alive seedlings) and the line indicates predicted probability of 
survival. 
 
Figure 4.4: Fitted logistic regression curves displaying probability of seedling survival in January 
2016 (30 months after planting) based on seedling height (a) and number of leaf pairs (b) at the 
time of planting. The histograms represent frequency of observed surviving seedlings thirty 
months after planting (0 = dead seedlings, 1 = alive seedlings) and the line indicates predicted 
probability of survival. 
b) Seedling Growth 
Ten months after planting the heights of seedlings ranged between 15 – 310mm 
(mean = 142.7 mm, SE = 1.79 mm), stem diameters ranged from 2.17 – 7.73mm 
(mean = 4.58 mm, SE = 0.04 mm) and they had between 1 and 7 leaf pairs (mean = 
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3.6 pairs, SE = 0.05 pairs). At 10 months, all initial and final seedling measurements 
were significantly related (Table 4.3). The hierarchical partitioning analysis 
determined that for all of the dependent variables, initial seedling height 
contributed most to explained variance (Table 4.3). This indicates that initial height 
is the most reliable predictor of final plant height, leaf number and stem thickness 
of surviving seedlings. It is worth noting that due to the very large degrees of 
freedom (because of the large number of seedlings planted), even small effects are 
were found to be statistically significant. For example, R2 values for number of leaf 
pairs are less than 0.1 but were still statistically significant. 
Table 4.5: Results from simple regression and hierarchical partitioning analysis for seedling growth 
10 months after planting (all significant relationships were positive). Figures in hierarchical 
partitioning section are R2 values. 
  Simple Regression  Hierarchical Partitioning 
Dependent 
Variable 
Independent  
Variable p value R2 
 Independent 
contribution 
Joint 
contribution 
Total 
contribution 
Final 
Height 
Starting Height <0.001*** 0.326  0.263 0.065 0.328 
Starting no. of Leaf Pairs  <0.001*** 0.068  0.034 0.035 0.069 
Starting Stem Diameter <0.001*** 0.091  0.057 0.038 0.095 
Final no. of 
Leaf Pairs 
Starting Height <0.001*** 0.092  0.060 0.033 0.093 
Starting no. of Leaf Pairs  <0.001*** 0.029  0.013 0.018 0.031 
Starting Stem Diameter 0.008** 0.026  0.002 0.028 0.030 
 
Final Stem 
diameter 
Starting Height <0.001*** 0.277  0.219 0.060 0.279 
Starting no. of Leaf Pairs  <0.001*** 0.031  0.020 0.012 0.032 
Starting Stem Diameter <0.001*** 0.108  0.047 0.065 0.112 
 
4.4 DISCUSSION 
This study was designed to provide practical information and advice for mangrove 
restoration practitioners, especially during the seedling rearing phase of  an 
Avicennia marina planting project. Our results clearly indicate that waiting until the 
largest propagules have fallen from the trees and using these to grow seedlings in a 
nursery will result in the tallest seedlings for planting. It is the height of seedlings 
(cf. number of leaf pairs or stem diameter) that appears to be the most important 
factor in ensuring that the highest rates of survival and growth occur after planting 
in the field. A summary of the effects of the various factors examined throughout 
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this study are presented in Table 4.6. This information is crucial to the success of 
mangrove restoration projects and related recommendations have been provided 
at the end of this section. 
Table 4.6: Summary table of factors affecting growth and survival of seedlings across different life-
stages examined in the study 
Life Stage Factors increasing survival or growth 
Germination in 
nursery 
Collection method (Propagules collected from the ground survived in 
greater numbers) 
Seedling growth in 
nursery 
Propagule size (larger propagules resulted in generally larger and 
leafier seedlings) 
Collection method (Propagules collected from the ground resulted in 
taller seedlings) 
Post-planting 
seedling survival 
Seedling height (taller seedlings resulted in higher s urvival) 
Seedling leafiness (leafier seedlings resulted in higher survival) 
Site conditions become more influential with time 
Post-planting 
seedling growth 
Seedling height (taller seedlings increase height, stem thickness and 
leafiness more rapidly) 
 
Nursery Experiment 
Germination of propagules and survival of resulting seedlings 
The consistently high germination of all sizes of ground-collected propagules 
indicates that size is not a good indicator of the ripeness of propagules, especially 
considering the better germination performance of all sizes of ground-collected 
propagules than tree-collected ones. Other indicators of A. marina propagule 
ripeness that have been suggested include cracks appearing in the pericarp as well 
as a slight change in colour from green to yellowish (Hong, 1996). However, our 
results showed that a far more useful indicator of ripeness of propagules is their 
natural detachment from the parent tree, as shown by the high germination success 
of our ground collected propagules. This can be an advantage for mangrove 
restoration practitioners as fallen propagules often drift landward on the incoming 
tide and gather in large groups on the strandline and large quantities can be 
collected quickly compared to searching for propagules to pick from trees. Care 
should be taken however as Avicennia propagules are recalcitrant in nature and 
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therefore condition of propagules will deteriorate over time, especially if exposed 
to high temperatures while stranded high on the shore (Farrant et al., 1986). 
Additionally, crab predation of fallen propagules can be a concern with one study 
showing over 97% of tethered A. marina propagules killed by crabs (Clarke & 
Kerrigan, 2002). The same study was undertaken in tropical northern Australia and 
another study undertaken in a temperate mangrove forest found that crab 
predation was less of a concern and in fact crab burrowing and mound-creation 
actually benefited A. marina recruitment (Minchinton, 2001).   
Growth of seedlings in the nursery 
Whilst the size of ground-collected propagules did not seem to be important in their 
ability to germinate and survive in the nursery, our results show that there are clear 
growth advantages in collecting larger propagules. The tallest plants (182 ± 
4.10mm) with the thickest stems (3.9 ± 0.09mm) resulted from extra-large 
propagules that were collected in January,  and these plants even out-grew 
seedlings grown from the largest propagules that were collected one month prior 
(height; 157 ± 3.29mm, stem diameter; 3.5 ± 0.10mm). More rapid growth of 
mangrove seedlings grown from larger propagules was also observed by Sousa et al. 
(2003) across all species they studied, especially Avicennia germinans.  The non-
availability of extra-large propagules early in the season (December) suggests that it 
would be prudent to delay harvesting activities until the largest possible propagules 
have fallen from the trees. However, delaying propagule collection until too late in 
the season can result in the inability of seedlings to grow to the size of those 
collected earlier as indicated by the final heights and stem diameters of our largest 
February-collected propagules (height; 125 ± 2.06mm, stem diameter; 3.03 ± 
0.07mm). This is especially important in mangrove systems at higher latitudes 
where growth of mangroves slows significantly in colder months of the year. 
Incidentally, very few seedlings grew to the size recommended by studies in Table 
1, indicating that slow growth of A. marina is potentially a physiological feature of 
the species at these latitudes. Indeed, while A. marina var. australasica can grow to 
10m in height (Duke, 1991), the maximum height of the species in Victoria 
(Australia) is around 4m (Boon et al., 2011). 
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Interestingly, the highest number of leaf pairs resulted from all size s of propagules 
collected in December (3.46 ± 0.07 leaf pairs) and leaf production decreased with 
decreasing time grown in the nursery (January; 3.00 ± 0.04 leaf pairs, February; 1.89 
± 0.04 leaf pairs). This is perhaps an indicator that height and girth of mangrove 
seedlings is dependent on quantity of energy reserves (i.e. propagule size) while leaf 
production is controlled more by time exposed to sunlight. There have been some 
studies which have found that A. marina growth is indeed enhanced in situations 
where seedlings have higher exposure to sunlight (Burns & Ogden, 1985; Clarke & 
Allaway, 1993) however the relative importance of energy reserves versus sunlight 
exposure on different growth characteristics does not appear to have been 
investigated. 
Planting Experiment 
Due to logistical difficulties, month of propagule collection was not able to be 
attributed to individual seedlings all the way through until the end of the 
experiment. This raises the question of whether greatest survival after planting 
results from faster growing seedlings grown from large propagules or from a longer 
establishment period in the nursery. This question could be addressed through 
future research, however our results provide a good indication of suitable 
propagule collection timing and technique as well as a guide to selection of 
seedlings for planting, both of which are practically useful  pieces of information for 
mangrove restoration programs.  
Survival of seedlings after planting 
Overall, the survival rate of seedlings after ten months (69.8%) was higher than the 
average identified in the aforementioned review of mangrove restoration projects 
(~60%) (Bayraktarov et al., 2016) and comparable to studies of naturally recruited 
seedling survival in temperate A. marina forests (Clarke & Allaway, 1993; 
Minchinton, 2001). However, the observed survival rate was very high compared to 
the results of Chapter 3 which showed a decrease in survival to around 30% after a 
similar length of time after planting. This is probably attributable to the smaller 
average size of seedlings when planted (height; 73mm, leaf pairs; 2.1, stem dimeter; 
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2.9mm) (Hurst et al. 2015, Chapter 3) compared to this experiment (height; 129mm, 
leaf pairs; 2.7, stem diameter; 3.1mm). Our results show that seedling height and 
number of leaf pairs are the most important factors predicting a seedling’s survival 
within the first year after being planted. The Tjur’s D and hierarchical partitioning 
analysis indicate that seedling height is the stronger predictor so it appears to be 
best to produce the tallest seedlings possible by collecting very large propagules in 
the middle of the fruiting season, when they are widely available.   
Thirty months after planting, higher survival rates were still significantly related to 
taller and leafier seedlings but a much weaker relationship was found and overall 
survival rates were very low (10.5%). These survival rates resembled those resulting 
from the experimental treatments most exposed to wave and current action in 
Hurst et al.’s (2015) aforementioned study which also found much higher survival 
rates (50-60%) resulting from seedlings that were protected from hydrodynamic 
energy by adjacent remnant mangrove forests. The planting site in the current 
study was positioned to avoid any confounding influence from nearby mangrove 
forests and the resultant exposure to waves and currents may have contributed to 
low longer-term survival. This indicates that early survival of planted mangrove 
seedlings can be bolstered by their greater size but in the longer term, local 
environmental conditions can play a larger role in their success. Balke et al.  (2011) 
proposed that mangrove seedlings need to pass certain developmental thresholds 
to be able to withstand the effects of severe environmental disturbances such as 
wind driven waves which can dislodge young seedlings from the mud. In the current 
experiment, seedlings were still relatively small compared to other restoration 
projects (as outlined in Table 4.1) and their slow growth in local conditions means 
that it will take a long time to develop a root system with which they are able to 
withstand such disturbance. In such conditions, in addition to producing the largest 
possible seedlings, it appears to be wise to take additional measures in order to 
improve survival rates including the provision of physical protection from 
hydrodynamic energy in the form of breakwaters or groynes established on the 
seaward side of mangrove planting sites (Hashim et al., 2010; Cuong et al., 2015).  
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Growth of seedlings after planting 
Our results showed that there were significant positive relationships between initial 
size of the seedlings when planted and all final growth measurements and that if 
seedlings are taller when planted, initial growth will result in taller, leafier and 
thicker stemmed juvenile trees. In order to capitalise on this effect, our results have 
shown that the method of propagule collection is an essential consideration to 
ensure that seedlings are at suitable size at the time of planting. This has also been 
demonstrated with other mangrove species (Lin & Sternberg, 1995; Sousa et al., 
2003) and therefore our results should contribute to strengthening the practice of 
mangrove restoration across many parts of the world. This study investigated only 
small part of overall mangrove restoration success however and there is a need for 
longer term monitoring of mangrove restoration projects to better understand the 
influence of the broad range of factors on forest establishment in a dynamic 
environment. 
A Global Context 
It is acknowledged that this study was conducted with a single species in a single 
location and therefore the results cannot necessarily be reliably extrapolated to all 
mangrove restoration projects. However, the results from this study are likely to be 
of use to mangrove restoration practitioners across the world and it is essential that 
they are accessible so that further failure is avoided. It is therefore recommended 
that a global database be initiated to record mangrove restoration methods (both 
successful and unsuccessful) around the world and that this information is readily 
available to mangrove restoration practitioners. A database which summarises 
global mangrove restoration projects has recently been created and could provide 
the basis for a more detailed central storage system describing specific techniques 
as well as successes and failures of each (Bayraktarov et al., 2016). This will 
hopefully reduce the likelihood of wasted resources as a consequence of failed 
mangrove restoration projects. This is especially important due to the fact that 
mangrove restoration projects are likely to become more prolific due to the 
increasing appreciation of the significant role that mangrove forests play in the 
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provision of numerous ecosystem services including climate change mitigation and 
adaptation efforts. 
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Chapter 5  
 
 
Revisiting the regeneration niche of 
Avicennia marina and its implications 
for mangrove restoration 
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SUMMARY: 
 
Understanding the regeneration niche of mangrove plants can help to determine 
the factors that are facilitating or restricting their natural regeneration processes 
(i.e. propagule dispersal and seedling establishment and early survival). Greater 
knowledge in this area can potentially provide clues to mangrove restoration 
practitioners who have struggled in many cases to restore mangrove ecosystems 
effectively. The regeneration niche of Avicennia marina was studied by Clarke and 
Allaway (1993) in the early 1990’s and advances in computer modelling techniques 
since that time allow hydrodynamic factors, which have recently been recognised as 
crucial stressors in mangrove regeneration processes, to be examined alongside the 
factors originally examined. Two hundred and fifty-four quadrats were established 
in vegetated and unvegetated mangrove habitats in Western Port Bay, Australia and 
stranded propagules, newly established seedlings and short-term seedling survival 
were measured three times over a period of ten months. A range of field measured 
physical and biological characteristics, as well as modelled propagule dispersal and 
wave power, were used to determine influential factors during each regeneration 
process stage using boosted regression trees (BRTs). BRTs revealed that different 
factors played influential roles at different stages of regeneration and that 
propagule stranding and seedling establishment was approximately one order of 
magnitude greater in forested quadrats versus unforested quadrats. Additionally, 
factors affecting regeneration outside of the forest were different from influential 
factors inside the forest and were largely related to hydrodynamic energy which 
reduced seedling establishment as it increased in strength. Consequently, I make 
recommendations to provide protection for naturally recruited or planted 
mangrove seedlings from strong waves to ensure an increase in restoration success. 
Preliminary suggestions for the design of protective measures are also provided.   
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5.1 INTRODUCTION 
Forest regeneration processes, namely seed production, dispersal, germination and 
survival and growth of new seedlings, are crucial in influencing the structure and 
composition of forests (Eriksson & Ehrlen, 2008). These processes also determine a 
species’ ability to recruit, that is, to increase an existing population or to establish a 
new one in a given area (Leck et al., 2008). Each of these regeneration processes 
represents a stage in the early life of a plant during which, due to their small size, 
they are highly vulnerable to a range of biotic and abiotic stresses. These stages are 
therefore seen as potential bottlenecks to successful recruitment and regeneration 
(Leck et al., 2008). Mangroves experience substantial losses during these early 
stages of life history: less than 3% of white mangrove (Avicennia marina) ovules 
become propagules, less than half of dispersing propagules establish to become 
seedlings after stranding and as few as 10% of those seedlings survive to the sapling 
stage (Clarke, 1995).  
Mangroves exist in a highly dynamic environment and many of the biotic and 
abiotic factors which influence regeneration processes were reviewed by Krauss et 
al. (2008). They discussed the importance of temperature, salinity, light, nutrients, 
flooding and biotic influences and how some of these  factors interact to drive 
mangrove regeneration processes. In addition to these factors, mangrove 
regeneration is strongly affected by hydrodynamic forces, including wave, current 
and tidal energy. These forces were identified years earlier by Clarke and Allaway 
(1993) as a potentially crucial factor determining the ‘regeneration niche’ of 
Avicennia marina and have received extensive recent attention for mangroves more 
generally (Thampanya et al., 2002; Balke et al., 2011; Friess et al., 2012; Balke et al., 
2013a; Hurst et al., 2015).  
The most well-known effect of hydrodynamic energy on mangrove regeneration 
processes is the role it plays in propagule dispersal. After propagules detach from 
the parent tree their main means of dispersal away from the parent is by water 
movement and the buoyancy of mangrove propagules facilitates this dispersal 
mechanism (Tomlinson, 2016). Dispersal capability of mangrove species can be 
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affected by a range of physical and morphological propagule traits including size, 
shape and density (Van der Stocken et al., 2015), but can also be affected by the 
interplay between forest structure and hydrodynamic conditions on a local scale (Di 
Nitto et al., 2013). Increasing density of mangrove forests is known to progressively 
slow currents and dampen wave energy (Mazda & Wolanski, 2009) thereby limiting 
the dispersal distance of floating propagules. Additionally, the structural complexity 
(including tree stems and pneumatophores) of the forest, which generally increases 
with forest density, plays a role in ‘trapping’ floating propagules in the forest (Di 
Nitto et al., 2013). This generally results in the majority of propagules dispersing 
within the forest remaining close (tens of meters) to the parent tree (Sousa et al., 
2007; Van der Stocken et al., 2013). However, due to the greater current speeds of 
the ebb rather than the flood tides (Wolanski et al., 1980; Wolanski & Elliott, 2015),  
the net movement of propagules tends to be seaward (Wolanski, 2016) and those 
that are dispersed outside of the forest are able to travel greater distances, in some 
cases tens of kilometres, from the source population (Clarke, 1993; Van der Stocken 
et al., 2018). 
In order for a dispersing mangrove propagule to progress to the next stage of 
recruitment, it must become stranded for long enough to develop roots that can 
anchor it into the sediment. The properties of these sediments influence both the 
ease with which the roots can penetrate through the sediments and the sediment’s 
capacity to subsequently hold the roots in place. For instance, compacted 
sediments are likely to be more difficult for roots to penetrate (Kaly et al., 1997) 
while coarser sediments may be less effective at anchoring seedlings in the face of 
high hydrodynamic stresses (Farrell & Ashton, 1974; Balke et al., 2011). 
Additionally, the microtopographies of mangrove sediment surfaces have been 
found to influence stranding patterns throughout the forest where propagules tend 
to gather more densely in depressions than on mounds (Minchinton, 2001). This 
heterogeneity of the forest floor is often caused by the burrowing activity of crabs, 
which are also implicated in predation of stranded propagules, significantly 
reducing their numbers in some circumstances (Osborne & Smith, 1990; Clarke & 
Kerrigan, 2002; Clarke, 2004; Van Nedervelde  et al., 2015; Langston et al., 2017). 
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At the post-stranding seedling establishment phase of mangrove recruitment, 
sediment accretion and erosion resulting from tidal and wave movement are 
particularly important for survival. Balke et al. (2011) discussed the thresholds for 
establishment of Avicennia alba in relation to root length of developing seedlings. 
They found that roots emerging from propagules and penetrating the sediment 
must be long enough to avoid dislodgement by regular tidal flooding in the first 
instance and then longer again to avoid being wrenched out of the substrate during 
periods of higher hydrodynamic energy (e.g. storm events). This hydrodynamic 
energy can also dislodge a newly recruited seedling by eroding the surrounding 
sediments. The elevation of the tidal mudflat onto which a new seedling has 
established is a key determinant of the frequency of exposure to these periods of 
high hydrodynamic energy, as seedlings which have established higher on the shore 
are less frequently inundated and therefore less often exposed to that energy 
(Balke et al., 2014). The intensity of hydrodynamic energy is also an important 
factor and this can be reduced, as discussed above, by the structure of any forest 
that exists between the seedling and energy sources (Balke et al., 2015), although 
hydrodynamic energy can still penetrate a significant distance into the forest (Balke 
et al., 2013b). Intensity of hydrodynamic energy can also be influenced by the 
geographical exposure of a mudflat  which is greater on open coastlines of relatively 
large bodies of water than on those within narrow, shallow and fetch-limited tidal 
channels and/or those protected from the prevailing wind direction (Karimpour et 
al., 2017). 
A greater understanding of mangrove recruitment dynamics is particularly 
important given that mangrove forests around the world are experiencing ongoing 
degradation (Hamilton & Casey, 2016) and there has been much recent focus on 
their restoration (Dale et al., 2014). However there has been very variable success 
across the world, largely due to a lack of understanding about the physical setting 
(including tidal characteristics, hydrodynamic conditions and sediment supply) of 
the restoration site (Balke & Friess, 2015). Generally, restoration sites are mostly 
devoid of the protection of existing forest and therefore are more susceptible to 
damaging hydrodynamic energy. In many of these cases, active restoration (by 
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planting or assisted regeneration) is required and in order to design an effective 
restoration project, practitioners must have a good grasp of the drivers of early 
mangrove seedling survival and growth. This understanding can be derived from 
studying the ‘regeneration niche’ (i.e. the combination of biolog ical and physical 
aspects at a given location that facilitate plant regeneration (Saintilan et al., 2014)) 
that exists within the forest as well factors influencing regeneration processes 
outside of the remaining forest areas where restoration might take place. Clarke 
and Allaway (1993) attempted to describe the regeneration niche of A. marina 
inside a temperate mangrove forest in Southeast Australia by testing the effect of 
salinity, light and sediment characteristics on the recruitment of new seedlings in  a 
mangrove forest as well as their development to the sapling stage. They found that 
while the latter was limited by light and sediment resources, there were few 
restrictions to new seedling establishment other than supply of propagules and tidal 
or wave energy. This study revisits Clarke and Allaway’s concept of a regeneration 
niche for new seedling establishment in the temperate mangrove (A. marina) 
forests of Western Port Bay, Australia, expands it to areas outside existing forest 
and includes hydrodynamic considerations highlighted in recent research.  
The main aim of this study was to develop an updated understanding of the 
mangrove regeneration niche, in light of recent research, to determine clues for 
mangrove restoration practitioners to conduct more successful restoration 
activities. To do this we measured a range of forest and substrate characteristics 
within permanently established quadrats across the mangrove forests and bare 
mudflats throughout the bay. These characteristics, along with modelled propagule 
dispersal, wave power and bed shear stress, were used as predictors in a series of 
multivariate models that aimed to explain patterns of (i) previous year’s seedling 
establishment, (ii) current year’s seasonal propagule stranding, (iii) seedling  
establishment following the stranding period and (iv) seedling attrition after a 
winter period of hydrodynamic and temperature stress.  
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5.2 METHODS AND MATERIALS 
Study Site 
Western Port Bay (38°12’ to 38° 31’ S)) is a tidal embayment of around 680km2 and 
is located approximately 70km southeast of Melbourne, Australia (Fig. 5.1). Around 
270km2 of intertidal mudflats are found within the bay including those along two 
large islands, French and Phillip Island (Marsden et al., 1979). Semi-diurnal tides 
range between 2.3 and 3.1m, mean annual rainfall is 665mm, mean annual 
temperature is 18.5oC and the climate is described as temperate with warm 
summers and no significant dry season (Cfb Köppen-Geiger classification) (Peel et 
al., 2007). Salinities are generally similar to open ocean salinities outside the bay (35 
PSU) but can become slightly elevated (37 PSU) during drier periods over the 
warmer months of the year (Melbourne Water, 2011). 
A single mangrove species exists in Western Port Bay, Avicennia marina (Forsk.) 
Vierh. var. australasica (Walp.) Moldenke, and mangroves in this region are close to 
their latitudinal limit of distribution which is in Corner Inlet, approximately 100km 
further southeast. There are over 1800ha of mangrove forest found along the coast  
of the bay (Boon et al., 2011) with the widest forests found along the northwest 
coast, the northern coast of French Island and in Rhyll Inlet in the northeast corner 
of Phillip Island. Narrow and patchier forests are found in other parts of the bay, 
particularly where they are oriented towards the prevailing westerly winds (see Fig. 
5.1). There has been some disturbance of the mangrove forests since European 
colonisation, including clearance for the purpose of coastal development, boat 
access and barilla (soda ash for soap and glass production) harvesting, however it is 
estimated that around 90% of pre-European forest extent remains (Boon et al., 
2011). Where mangroves have been removed, coastal erosion has led community 
groups to attempt restoration of the mangrove forests, however success has been 
limited. This is in part due to the initiation of a bare-mudflat stable state caused by 
the initial forest clearance (Hurst et al., 2015, Chapter 3). 
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Duke (1990) found that flowering of A. marina in Western Port Bay occurs around 
May and June and given the low temperatures and high frequency of frosts at this 
time of year, flowering success can be very low. Maturation of fruit (indicated by 
abscission from trees) at these latitudes was found to take up to ten months, 
peaking around February and March (Duke, 1990). However, recent observations by 
those undertaking mangrove restoration activities in Western Port indicate that 
fruit begin to mature in early December, peaking in January and early February, 
with the last fruit falling from the trees by the end of February. After A. marina 
propagules detach from the adult tree, they usually float until their pericarps 
rupture and fall off, most frequently after around 24-48 hours (Clarke & 
Myerscough, 1991b). The pericarps are a source of the propagule’s buoyancy which 
will sink after they are removed resulting in a decrease in their capacity for further 
dispersal (Minchinton, 2001).  
 
Figure 5.1: Western Port Bay, Australia with access points of survey locations denoted by white 
triangles. Avicennia marina distribution along the shoreline is shown in black (Boon et al., 2011). 
Projection of map is GDA/MGA zone 55. 
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Survey Quadrat Selection 
Two hundred and fifty four 1m2 quadrats were established within the parts of the 
Western Port Bay shoreline that were identified as potentially habitable by 
mangroves. Habitable zones were identified as shorelines within the embayment 
without substantial exposure to offshore waves and within the lowest and highest 
elevation of existing mangroves within the bay, i.e. -0.35m to 1.5m AHD 
(AHD≈MSL). Elevations were determined using a 1m resolution DEM which was 
derived from LiDAR and has a horizontal and vertical accuracy of ±35cm and ±10cm 
respectively (Xu et al., 2015). Eighteen practical access points (e.g. roads, public 
land etc.) along the habitable zone were determined (see Fig. 5.1) and a 500m 
transect was established (using GIS; MapInfo ver. 10.5) parallel to the shoreline in 
both directions from each access point. The width of the habitable zone was 
measured at randomly located points along each of the shoreline transects and 
then a single quadrat location was randomly selected within this width. Each 
quadrat was then determined as either inside (n=154) or outside (n=100) of the 
forest (the inside quadrats were used to describe the mangrove forests of Western 
Port Bay in Chapter 2). Outside quadrats were defined as those more than 5m away 
from a patch of mangrove vegetation greater than 20m in diameter (Boon et al., 
2011). Given that the mangrove habitable zone was more sparsely vegetated along 
the eastern shores of Western Port Bay, many of the outside quadrats fell in these 
areas, although a good number were located across the more densely vegetated 
parts of the bay where the forest had been previously disturbed. 
Data Collection 
Quadrats were surveyed three times during 2013 and each survey took eighteen 
days to complete (one day per access point). The first survey was undertaken in 
February during the propagule dispersal period. At this time the majority of fruit 
had fallen from the trees, resulting in relatively low counts of propagules still 
attached to trees. However, the remaining fruit was considered indicative of 
original abundance as abscission of mature fruit from the parent tree has been 
found to be generally spatially consistent across A. marina forests in south-eastern 
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Australia (Clarke & Myerscough, 1991a). A range of physical and biological 
characteristics were recorded (see Table 5.1) within all 254 quadrats (or in some 
cases within a certain radius of each quadrat) which were marked with bamboo 
stakes in each corner. The quadrats were surveyed a second time in April/May after 
the propagule dispersal period to determine recruitment levels across the 
mangrove habitable zone and a third time in September/October to determine the 
rate of seedling attrition after the high stress (low temperature, high hydrodynamic 
energy) winter period. The predetermined quadrat locations were found in the field 
using a handheld GPS unit and exact coordinates were recorded during the first 
survey. Northings and eastings were included as predictor variables in order to 
account for spatial autocorrelation in subsequent analyses (Dormann et al., 2007). 
The elevation and slope gradient of each quadrat was also calculated in GIS (ArcGIS 
ver. 10.2.2) using bathymetric and topographic data. The Braun-Blanquet 
cover/abundance scale was modified so that it was fully numerical, as follows; 1 = 
absent, 2 = <5%, 3 = 5%, 4 = 5-25%, 5 = 25-50%, 6 = 50-75%, 7 = 75-100% (Braun-
Blanquet, 1932). 
 
  
 
1 
Table 5.1: Variables used in analysis along with details of collection methods and timing of data collection. *denotes where some quadrats were subsampled using 3 
randomly placed 0.0625m2 quadrats when count frequency was high. 
 
Variable Detail Method of collection 
Survey No. 
1 2 3 
Response Variables 
SEEDLING_FEB *Seedlings in February less than 20cm tall per m2 Count      
SEEDS *Propagules stranded  on sediment surface per m2 Count      
GERMS_MAY *New seedlings with cotyledons attached per  m2 See calculation method in data analysis section    
SEEDLING_DEC % decrease in total seedling numbers between survey 2 and 3 
Count of total seedlings (including GERMS) per m2 in April/May 
and Sept/Oct 
    
Predictor Variables 
NORTHING Northing coordinate (GDA/MGA zone 55) As per randomisation of quadrat location Post survey 
EASTING Easting coordinate (GDA/MGA zone 55) As per randomisation of quadrat location  Post survey 
SLOPE Slope of area within 5m radius of plot centre in degrees Slope calculator (ArcGIS Spatial Analyst) using 2009 DEM  Post survey 
ELEVATION Elevation of plot Mean plot elevation (ArcGIS Focal Statistics) using 2009 DEM Post survey 
DIST_FOR 
Distance to nearest mangrove forest (m) >20m in diameter as 
mapped by Boon et al (2012) 
Field measurement (or via GIS when distance was > 500m)  
    
DIST_TREE Distance to nearest adult mangrove tree (m) Field measurement (or via GIS when distance was > 500m)      
DIR_FOR Direction of nearest mangrove forest Field estimate to nearest of 8 points on compass      
DIR_TREE Direction of nearest adult mangrove tree Field estimate to nearest of 8 points on compass      
SEAWARD Presence of mangroves on seaward side of quadrat Present or absent      
SEAWARD_WIDTH Width of seaward mangrove forest (m) Field measurement (or via GIS when distance was > 500m)      
DENS_SEAWARD Density of mangrove forest seaward of quadrat 
Single plant, scattered (indicated by breaks in canopy and/or 
pneumatophore field) or continuous forest 
 
    
SIZE_SEAWARD Size (height) of mangrove forest seaward of quadrat <20cm, 20cm to 1m or 1m+      
SEAWARD_FACTOR 
Score indicating amount of protection provided to individual 
quadrat by mangrove forest based on existence, density and 
size of seaward mangroves 
Seaward mangroves existing (yes = 1, no = 0) X density of 
seaward mangroves (single = 1, scattered = 2, continuous =3) X 
size of seaward mangroves (<20cm = 1, 20cm-1m = 2, >1m = 3) 
 
    
STEM_DENS Mangrove plants (>20cm tall) per m2 
Count of all plants >20cm tall within 3m radius of centre of 
quadrat 
 
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Variable Detail Method of collection 
Survey No. 
1 2 3 
BASAL_AREA Cross sectional area of trees (>1.3m in height) per m2 
Diameter of all trees stems at 1.3m above ground within 3m 
radius of centre of quadrat 
 
    
CANOPY Canopy density Modified Braun-Blanquet score (Braun-Blanquet, 1932)      
FOREST_HEIGHT Maximum height of forest (m) 
Height of tallest tree measured with height staff within 3m 
radius of centre of quadrat 
 
    
PP_DENS Density of pneumatophores per m2 Count      
PP_HEIGHT Pneumatophore height (cm) 
Mean height of three randomly selected pneumatophores 
within quadrat 
 
    
COMPLEXITY 
Score (estimated count/m2) of all mangrove plants and 
pneumatophores found within quadrat to indicate structural 
complexity at quadrat location 
STEM_DENS + PP_DENS (Model 1) + mangrove seedling count 
(no GERMS for Model 2 or 3) 
   
SED_STR Mean sediment strength (kg/cm2) 
Penetrometer used to measure vertical direction strength in 
centre of 3 randomly placed 0.0625m2 quadrats 
   
SURFACE_SED Median sediment grain size (µm) at surface  
Visual/tactile method after McKenzie (2007). For description of 
method see Hurst et al (2015). 
   
SUB_SED Median sediment grain size (µm) at 5cm depth 
Visual/tactile method after McKenzie (2007). For description of 
method see Hurst et al (2015). 
   
SED_COMBO 
Sediment heterogeneity/rugosity. % of plot area higher or 
lower than average sediment surface 
% coverage of high points + % coverage of low points within 
quadrat  
   
TREE_SEEDS 
Fruit density on most propagule laden adult tree within a 
20m radius 
Count of fruit using 0.25m2 quadrat held mid-canopy  
    
CRAB_DENS Mean crab burrow density (no./m2) Count of crab burrows in 3 randomly placed 0.0625m2 quadrats      
SALTMARSH_BB Saltmarsh canopy density Modified Braun-Blanquet score (Braun-Blanquet 1932)      
MEAN_DEBRIS_BB Braun-Blanquet score (Braun-Blanquet 1932) Modified Braun-Blanquet score (Braun-Blanquet 1932)    
WAVE_POWER Modelled average wave power  See text for description of modelling methods Post survey 
BED_SHEAR Modelled average bed shear stress  See text for description of modelling methods Post survey 
PROP_SUPPLY 
Modelled supply of propagules to quadrats derived from 
simulation of dispersal  
See text for description of modelling methods Post survey 
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Propagule dispersal modelling 
A three dimensional hydrodynamic model for Western Port Bay has been 
developed using AEM3D (Hodges & Dallimore, 2016). AEM3D is an updated 
release of a coupled three-dimensional hydrodynamics-water quality model, the 
Estuary, Lake and Coastal Ocean Model (ELCOM) and Computation Aquatic 
Ecosystem Dynamics Model (CAEDYM) that has been published extensively in 
peer reviewed research (see Trolle et al. 2012). The model was developed for 
Western Port  Bay by a group of Victorian government agencies to address 
knowledge gaps raised in a recent review of scientific knowledge (Melbourne 
Water, 2011). The model was designed to enhance existing numerical models of 
the bay to improve understanding of sediment resuspension, transport and 
deposition processes that are thought to be contributing to a decline in seagrass 
health. Additionally, the model allows the simulation of the dispersal of 
biological agents, including mangrove propagules. Model inputs consisted of a 
model grid, oceanic conditions, meteorological conditions and catchment 
inflows.   
A model grid was originally developed from digitized nautical charts produced in 
earlier projects (EPA Victoria, 2011). The grid was then improved with by 
incorporating LiDAR (supplied at 1m resolution) and multi -beam bathymetry 
survey data collected as part of the Victorian Department of Sustainability and 
Environments Future Coasts program. The remaining gaps in the coverage of 
Western Port bathymetry data sets are being addressed in current survey 
programs. These gaps are mostly concentrated in the tidal flats in the northeast, 
and until data is available the depth in these areas have been interpolated from 
surrounding data with the addition of boat echo-sounder measurements taken 
in the tidal flat channels (where no data was available) during sampling 
excursions (pers. comm. Victorian EPA). Importantly for this research the gaps in 
the elevation data are largely offshore from the fringing mangrove forests. A grid 
cell size of 50 x 50m expanding to 500 x 500m at the ocean boundary was used 
for the modelling propagule modelling. A vertical grid size of 1m for 4m below 
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the surface was used. The model included different drag coefficients for areas of 
seagrass (0.17) and areas of mangrove forest (0.25) (Mazda et al., 1997; Nepf, 
1999; Mazda & Wolanski, 2009). It should be noted that these drag coefficients 
were calculated in mixed species mangrove forests in Southeast Asia.  
Tidal height at the oceanic model boundary was provided by the Australian 
Bureau of Meteorology (BoM) tidal model, which incorporated a phase shift 
applied over the extent of the boundary. Ocean temperature and salinity were 
assumed constant at 16oC and 35.5 psu, respectively. Meteorological data (air 
temperature, relative humidity, solar radiation, wind speed and direction) from 
a continuous monitoring station located at Cerberus on the central western 
shore of the bay as applied over the surface of the modelling domain. Given the 
sparseness of continuous meteorological measurements in and around Western 
Port Bay, there exists no reliable means to develop a spatially varying wind field 
from data records, particularly for the regions in the north and north east of the 
bay. This has been identified as a limitation in the current modelling and as such 
a link between BoM atmospheric modelling products and the Western Port Bay 
model is currently being developed as part of broader coastal modelling efforts 
in Victoria. 
Catchment flows from the major tributaries of Bass, Lang Lang, Bunyip, Watson 
and Cardinia were applied based on stream gauge data and have an assumed 
salinity of 1 PSU and temperature of 15oC. Calibration and validation of the 
model with a coarser 200 x 200 m grid was undertaken by EPA Victoria 
(Hydronumerics, 2016) for the periods of July 2009 to June 2011 (calibration 
period) and July 1998 to June 2000 (validation period). Calibration was made 
against data from long term EPA monitoring sties at Hastings, Barrallier and 
Corinella, and from mooring data collected at additional sites during 2011 as 
part of the Western Port Marine Calibration Exercises. These additional mooring 
observations included data from Stony Point, Yaringa, San Remo and Stockyard 
Point. The model was calibrated against surface height, ADCP current (spee d and 
direction) measurements, salinity, temperature, turbidity, nutrients and primary 
production. The study concluded that the model was able to reproduce physical 
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and water quality observations to a reasonable level of accuracy and was 
therefore fit-for-purpose for supporting scientific studies. Shortcomings were 
associated with the water quality components of the model with the exception 
of a lack of resolution in the grid to accurately represent currents at some sites. 
The 50 x 50 m grid in the northern regions of the bay, which has been applied in 
this study, was identified as being more appropriate for simulations of 
Lagrangian particles, such as mangrove propagules. 
The model was used to simulate A. marina propagule dispersal across the bay 
using meteorological data from December 2012 through to May 2013. 
Propagules were treated as positively buoyant spherical drifting particles that 
were 17.8mm in diameter, 3g in weight, had a density of 0.99g/cm3 (dimensions 
derived from field data). One thousand propagules were released from each 
model cell containing mangrove forest (as mapped by Boon et al. (2011)) on a 
weekly basis from the 1st of January until the 28th of February 2013 and the 
model was run on a two‐hourly time step from 31/12/12 to 2/5/13. Propagules 
remained buoyant for 48 hours before sinking. The number of modelled 
propagules that entered a 200m radius around each quadrat was counted as 
well as the length of time that each propagule stayed. The average time within 
the 200m radius was multiplied by the total number of propagules that entered 
to provide a total propagule supply metric. The modelled propagule supply 
metric was calculated from model output for the month of January only for use 
as a predictor of February propagule stranding (BRT model two). Output from 
the full duration of the propagule dispersal model run was used to derive 
propagule supply metrics for predicting initial seedling establishment and 
changes in seedling density over winter (BRT models three and four – see ‘Data 
Analysis’ below).  
Wave modelling 
The third‐generation numerical wave model SWAN (Simulating Waves 
Nearshore, (Booij et al., 1999)) was used to simulate wave conditions across 
Western Port Bay using the same bathymetry data utilised in the hydrodynamic 
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model but at a lower spatial resolution (200 x 200m). The coarser grid was used 
as the 50 x 50m grid resulted in prohibitively long processing times over the 
longer model period (ten years). The results of the SWAN model were smoothed 
in space across nine (3x3) 200m cells and the median wave power and bed shear 
stress values were subsequently calculated. This provided smoothed wave field 
variables less influenced by step changes in the coarse bathymetry that may 
otherwise have led to large variation from cell to cell. Wave power and bed 
shear stress values for the cell covering each quadrat were selected from the 
smoothed spatial data for each period of interest and were used as predictor 
values for each quadrat. Two wave‐related predictor variables for each of the 
survey quadrats were generated from the model. Bed shear stress (N m ‐2), which 
was calculated from orbital velocity and wave period (standard outputs of the 
SWAN model), was used as an estimate of the erosive action appl ied by the 
wave field which is an essential determinant of mangrove seedling success as 
discussed above. Additionally, wave power (kW per m of wave crest) was 
calculated using the equation P=EC, where P is wave power, E is water energy 
per unit of a wave (J m‐2) and C is shallow water wave speed (m s‐1) (Tomkins et 
al., 2014). A twelve‐year wave simulation was run using BoM wind data from 
2003 to 2014 and predictors were calculated for periods of interest relevant to 
each of the models (Table 5.2).  
Table 5.2: Wave simulation periods of interest for each model 
Model No. Period of interest 
1 January 2012 to December 2012 
2 December 2012 to January 2013 
3 January 2013 to May 2013 
4 May 2013 to September 2013 
Data analysis 
All data analyses were undertaken using R ver. 3.3.2 (<www.r-project.org >). 
Boosted regression tree (BRT) models were used to assess the influence of 
predictor variables on the four response variables. BRT analysis was chosen as 
the technique can incorporate different types of predictor variables, it can 
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handle datasets where the number of variables is large compared to number of 
observations, it is robust to the presence of outliers, and will deal with 
interactions between predictor variables in an automatic fashion (Elith et al., 
2008). The first model used data collected in February to determine the 
influence of predictors on the number of seedlings that had established in 
previous years (identified as those without cotyledons - SEEDLING_FEB; Table 
5.1). Model two, also using February data, investigated the influence of 
predictors on the stranding of propagules that have dispersed after detaching 
from the parent tree (SEEDS; Table 5.1). Model three aimed to determine the 
most influential predictors of initial establishment of seedlings (measured in 
May following propagule dispersal – GERMS_MAY; Table 5.1). The key identifier 
for newly established seedlings (as opposed to those established in previous 
years) was the presence of cotyledons attached to the plant. As some 
cotyledons had detached from recent recruits, numbers of newly established 
seedlings for model three was calculated by adding the change in seedlings 
without cotyledons attached from February to May and the observed number of 
newly established seedlings (with cotyledons) in May. Model four aimed to 
determine which predictors were most important for percentage change in 
seedling numbers over winter (SEEDLING_DEC; Table 1). This is the time of the 
year that has locally been shown to have the greatest effect on young seedling 
attrition (Hurst, 2013; Hurst et al., 2015, Chapter 3). As only 6.1% of seedlings 
retained cotyledons from May to September, the percentage change in seedling 
numbers was calculated using total seedlings including newly established and 
previous seasons seedlings. To determine whether seedling attrition could be 
affected by age of seedling, both newly established and previous seasons 
seedlings were used as predictors in model four. 
Response variables were fourth root transformed for models one to three and 
cube root transformed for model four (as it contained negative percentage 
values) to improve normality. As collinearity between predictors can result in 
model bias according to the order of terms entering the model , predictors for 
each model were first checked by creating a correlation matrix using the Hmisc 
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v.4.0.0 package in R. Where two predictors were correlated (using r > 0.7 as per 
Dormann et al, (2013)), the predictor judged to be the least biologically 
important was discarded from further analyses in that model. BRT modelling 
was undertaken using the R package dismo v.1.1.4. The optimal settings for 
learning rate, tree complexity and bag fraction were determined by running the 
BRT with all combinations of learning rate; 0.0001, 0.0005, 0.001, 0.0025, 0.005, 
0.0075, 0.01, tree complexity; 1, 2, 3, 4, 5, and bag fraction; 0.5, 0.75. The 
combination of settings which resulted in (1) over 1000 trees, and (2) the lowest 
deviance was used to develop the BRT. BRTs were undertaken using the two 
subsets of the entire dataset; quadrats within the mangrove forest, and 
quadrats outside of the forest to determine the different in drivers of 
regeneration between the two. To visualise the marginal effect of the variables 
with the highest percentage influence on the model outcome, partial 
dependence plots were produced. These display the effect of each predictor on 
the response variable in the model after the effects of all other predictors are 
averaged. On the y axis of these plots, the fitted function is displayed which is 
the difference between the y axis value and the mean response value. The 
relative influence of each predictor variable on the response is shown below 
each plot. 
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5.3  RESULTS 
Summary statistics for all response and predictor variables are presented in the 
thesis Appendix. The most obvious differences between the inside and outside 
quadrats are related to the forest characteristics, although sparsely distributed 
trees were present near some outside quadrats that were not considered inside 
forest quadrats as per the definition (see Methods and Materials).  A number of 
other predictors varied considerably between the two datasets, such as 
sediments which were of similar strength across all quadrats, but were generally 
coarser and flatter outside of the forest than inside. Crab burrow and stranded 
debris density were generally lower outside of the forest while modelled 
propagule supply was an order of magnitude greater inside the forest than out. 
Additionally, the mean elevation of inside forest quadrats was higher than those 
outside and this was most likely due to the common occurrence of a steep 
transition between mudflat and hinterland in areas without forest which 
reduced the chance of the randomly placed quadrats being positioned at higher 
elevations of the mangrove habitable zone. 
Mean numbers of seedlings and propagules were more than an order of 
magnitude greater inside the mangrove forest compared to outside (Fig. 5.2). 
Inside the forest, despite the very high number of stranded propagules, mean 
density of newly established seedlings was very similar to that of seedlings that 
had established in previous years. On the other hand, there appeared to be 
about twice as many newly established seedlings outside of the forest than 
survivors from previous years. In both cases, there was a clear drop in total 
seedling numbers between May and September resulting in mean seedling 
densities approaching those measured from previous years’ recruitment.  
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Figure 5.2: Mean counts (untransformed) per m2 outside (a) and inside (b) of the mangrove 
forest for previous year’s seedlings counted in February (i), stranded propagules counted in 
February (ii), newly established seedlings in May (iii), total seedlings in May (iv) and total 
seedlings in September (v). Bar lengths are means and error bars are ± 1 SE.   
BRT Model 1: Existing Seedling Density 
Outside of the forest, only five of the one hundred quadrats contained seedlings 
from previous years. Four of these were situated on Phillip Island and the other 
on the west coast of French Island. Given this clustering, easting (29.3% 
contribution) and northing (21.1% contribution) had the highest influence on 
existing seedling numbers (mean = 0.32 ± 0.24) (Table 5.3, Fig. 5.3a).  
Inside the forest, existing seedling numbers (mean = 10.29 ± 2.02) were most 
influenced by elevation (32.2% contribution) where the marginal effect 
increased with elevation, particularly above 0.7m AHD (Table 5.3, Fig. 5.3b). 
Easting had the next most influence on existing seedling numbers within the 
forest (15.3% contribution) and had a generally decreasing marginal effect from 
west to east. Complexity had the third highest influence which peaked at 
approximately 200 stems and pneumatophores/m2 before decreasing as density 
of these increased. 
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Table 5.3: Summary of the relative contributions (%) of predictor variables for a BRT for Model 
1 – existing seedlings for (a) quadrats outside and (b) inside of the mangrove forest. Tree 
complexity was set at 4 while optimal learning rate (lr) and bag fractions (bf) were; lr=0.01 and 
bf=0.75 for (a) and lr=0.0025 and bf=0.75 for (b).    
a. Outside forest b. Inside forest 
Predictor variable % contribution Predictor variable % contribution 
EASTING 29.30 ELEVATION 32.20 
NORTHING 21.13 EASTING 15.33 
FOREST_HEIGHT 9.60 COMPLEXITY 8.73 
WAVE_POWER_AVE 8.00 SED_STR 6.58 
BED_SHEAR_AVE 6.82 SLOPE 6.24 
ELEVATION 5.21 PP_HEIGHT 4.51 
DIST_FOR 4.78 NORTHING 4.05 
SURFACE_SED 4.07 SURFACE_SED 3.98 
SED_STR 3.44 BASAL_AREA 3.93 
SUB_SED 3.18 STEM_DENS 3.60 
SLOPE 1.94 BED_SHEAR_AVE 3.38 
CANOPY 0.91 WAVE_POWER_AVE 3.32 
SEAWARD_FACTOR 0.68 SEAWARD_WIDTH 3.27 
DIST_TREE 0.67 FOREST_HEIGHT 0.83 
DIR_FOR 0.14 SEAWARD_FACTOR 0.04 
DIR_TREE 0.08 SALTMARSH_BB 0.00 
SEAWARD 0.05 SEAWARD 0.00 
STEM_DENS 0.00     
PP_HEIGHT 0.00     
SALTMARSH_BB 0.00     
COMPLEXITY 0.00     
 
 
Figure 5.3: Partial dependence plots for the four most important predictors in the boosted 
regression tree models showing their effects on existing seedlings outside of the forest (a) and 
inside the forest (b). 
BRT Model 2: Propagule Stranding 
Outside of the forest, stranded propagule numbers per m2 (mean = 0.43 ± 0.10) 
were most influenced by higher numbers of seeds on nearby trees (26.8% 
contribution) which appeared to have a negative marginal effect on propagule 
stranding where tree fruit densities were below approximately five (Table 5.4, 
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Fig. 5.4a). Relative contributions of complexity (14.4% contribution) and 
elevation (7.1% contribution) were the next most influential where very low 
complexity had a negative marginal effect on propagule numbers and densities 
of stranded propagules generally increased with elevation, especially above 
0.4m AHD (Fig. 5.4b).  
Propagule numbers per m2 inside the forest were generally much higher than 
outside of the forest (mean = 27.97 ± 6.18) and were most influenced by density 
of debris (25.5% contribution) with lesser contributions from modelled 
propagule supply (9.1% contribution), northing (8.6% contribution) and tree 
seeds (7.3% contribution) (Table 5.4, Fig. 5.4b). Propagule numbers increased 
steadily with density of debris and a positive marginal effect was only observed 
above a Braun-Blanquet score of 3 (5% coverage).  
 
Table 5.4: Summary of the relative contributions (%) of predictor variables for a BRT for Model 
2 – propagule stranding for quadrats outside (a) and inside (b) of the mangrove forest. Tree 
complexity was set at 2 while optimal learning rate (lr) and bag fractions (bf) were; lr=0.0025 
and bf=0.75 for (a) and lr=0.0025 and bf=0.5 for (b).    
a. Outside forest b. Inside forest 
Predictor variable % contribution Predictor variable % contribution 
TREE_SEEDS 26.80 MEAN_DEBRIS 25.46 
COMPLEXITY 14.43 PROP_SUPPLY 9.14 
ELEVATION 7.06 NORTHING 8.64 
NORTHING 6.97 TREE_SEEDS 7.33 
DIST_FOR 6.45 WAVE_POWER_AVE 6.20 
SLOPE 6.27 SLOPE 5.41 
WAVE_POWER_AVE 5.95 BASAL_AREA 5.11 
MEAN_DEBRIS_BB 4.87 CRAB_DENS 4.33 
BED_SHEAR_AVE 4.46 COMPLEXITY 4.26 
PROP_SUPPLY 3.20 PP_HEIGHT 4.05 
SED_COMBO 3.19 EASTING 3.86 
EASTING 3.07 SED_COMBO 3.84 
DIST_TREE 2.48 SEAWARD_WIDTH 3.74 
CRAB.DENS.AVE.M2 2.07 BED_SHEAR_AVE 3.62 
DIR_TREE 0.94 ELEVATION 2.39 
CANOPY 0.81 STEM_DENS 1.58 
DIR_FOR 0.63 FOREST.HEIGHT 0.77 
SEAWARD_FACTOR 0.36 SEAWARD_FACTOR 0.26 
STEM_DENS 0.00 SALTMARSH_BB 0.00 
SALTMARSH_BB 0.00 SEAWARD_TREES 0.00 
PP_HEIGHT 0.00     
BASAL_AREA 0.00     
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Figure 5.4: Partial dependence plots for the four most important predictors in the boosted 
regression tree models showing their effects on propagule stranding outside of the forest (a) 
and inside the forest (b). 
BRT Model 3: Initial Seedling Establishment 
Initial seedling establishment outside the forest (mean = 0.66 ± 0.27) was most 
influenced by wave power (20.7% contribution) where the marginal effect 
decreased dramatically as wave power increased above very low levels (Table 
5.5, Fig. 5.5a). Distance to forest (16.5% contribution) and propagule supply 
(10.8% contribution) were next most influential predictors, where a positive 
marginal effect became close to zero a few hundred metres from the forest and 
a negative marginal effect of very low propagule supply became neutral after a 
small increase (Fig. 5.5a). Crab burrow density (10.1% contribution) had the next 
highest influence where very low numbers of burrows had a negative marginal 
effect which became abruptly positive above 100 burrows/m2.  
Initial establishment of seedlings inside the forest (mean = 10.93 ± 1.76) was 
most clearly influenced by the presence of stranded seeds (37.6% contribution), 
followed by sediment strength (7.4% contribution), tree seeds (7.2% 
contribution) and complexity (6.8% contribution) (Table 5.5, Fig. 5.5b). Very low 
numbers of stranded propagules had a negative marginal effect on initial 
seedling establishment but as quantities increased to ~ 50/m2, the marginal 
effect quickly became positive (Fig.5.5b). Seedling establishment appeared to 
decrease with increasing strength of sediment while numbers of seeds below ~ 
20/m2 on nearby trees had a negative marginal effect which became neutral 
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above this density. Complexity appeared to have a positive effect on initial 
seedling establishment between 100 and 300 stems and pneumatophores/m2. 
Table 5.5: Summary of the relative contributions (%) of predictor variables for a BRT for Model 
3 – Initial seedling establishment for quadrats outside (a) and inside (b) of the mangrove 
forest. Tree complexity was set at 2 while optimal learning rate (lr) and bag fractions (bf) were; 
lr=0.0005 and bf=0.5 for (a) and lr=0.0025 and bf=0.5 for (b).    
a. Outside forest b. Inside forest 
Predictor variable % contribution Predictor variable % contribution 
WAVE_POWER_AVE 20.71 SEEDS 37.57 
DIST_FOR 16.47 SED_STR 7.39 
PROP_SUPPLY 10.80 TREE_SEEDS 7.18 
CRAB_DENS 10.09 COMPLEXITY 6.75 
NORTHING 7.44 SURFACE_SED 3.80 
EASTING 5.23 PROP_SUPPLY 3.77 
MEAN_DEBRIS 4.58 PP_HEIGHT 3.59 
DIST_TREE 4.27 ELEVATION 3.20 
SED_COMBO 3.58 SUB_SED 2.94 
SURFACE_SED 3.50 BASAL_AREA 2.67 
SLOPE 2.95 SED_COMBO 2.65 
ELEVATION 2.70 SLOPE 2.32 
SED_STR 2.70 CRAB_DENS 2.30 
SUB_SED 2.29 NORTHING 2.19 
BED_SHEAR_AVE 1.34 STEM_DENS 2.05 
SEAWARD_WIDTH 0.52 WAVE_POWER_AVE 1.85 
TREE_SEEDS 0.37 SEAWARD_WIDTH 1.76 
SEEDS 0.20 EASTING 1.67 
SEAWARD_FACTOR 0.17 BED_SHEAR_AVE 1.59 
FOREST.HEIGHT 0.10 MEAN_DEBRIS 1.26 
STEM_DENS 0.00 SEAWARD_FACTOR 1.03 
PP_HEIGHT 0.00 FOREST.HEIGHT 0.45 
SALTMARSH_BB 0.00 SALTMARSH_BB 0.00 
BASAL_AREA 0.00     
COMPLEXITY 0.00     
 
 
Figure 5.5: Partial dependence plots for the four most important predictors in the boosted 
regression tree models showing their effects on initial seedling establishment outside of the 
forest (a) and inside the forest (b). 
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BRT Model 4: Seedling Attrition Over Winter 
For model four, only quadrats which had seedlings present in May were 
considered in the analysis of percentage change in seedling numbers between 
May and September (outside forest; 26 of 100 quadrats, inside forest; 133 of 
154 quadrats) to avoid skewing of results by zero counts which would appear as 
a zero percentage reduction. The low number of observations for the outside 
forest model meant that a bag fraction of one was required in order for the 
model to run. Outside of the forest (mean = -67.6 ± 8.6%), over two thirds of 
seedlings had disappeared between May and September, with 16 of the 26 
quadrats losing all seedlings. Bed shear stress (43.3% contribution) had the 
greatest effect on the change in seedling numbers which had a positive marginal 
effect at low levels which became neutral above 0.005 N m -2 (Table 5.6, Fig. 
5.6a). Crab burrow density also had a very high contribution (33.8%) where a 
positive marginal effect became negative at above ~100 burrows/m2 (Table 5.6, 
Fig.5. 6a). Width of seaward mangroves had the third highest influence (15.4%) 
where the absence or a very thin band of seaward mangroves had a negative 
marginal effect on percentage change in seedling numbers, rising to a slightly 
positive effect where seaward mangrove width was greater than approximately 
2m (Table 5.6, Fig. 5.6a).  
Inside the forest seedling numbers reduced by less than half of the loss that was 
observed outside of the forest (mean = -31.2 ± 3.3%). The density of seedlings 
that had established by May had the highest influence (22.3% contribution) on 
percentage change in the number of seedlings over the winter and had a 
positive marginal effect on percentage change at low levels and decreased very 
quickly as seedling densities increased to ~10/m2 (Table 5.6, Fig. 5.6b). Basal 
area had the next highest influence inside the forest (14% contribution) and had 
a positive marginal effect on seedling number change at lower densities 
becoming neutral above four m2/ha (Table 5.6, Fig. 5.6b). Elevation was the third 
most influential predictor (10.6% contribution) where a negative marginal effect 
on the change in seedling numbers was seen at low elevations before qui ckly 
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increasing to positive above approximately 0.9m AHD and reaching a maximum 
positive marginal effect at just over 1.0m AHD (Table 5.6, Fig. 5.6b). 
Table 5.6: Summary of the relative contributions (%) of predictor variables for a BRT for Model 
4 – % Seedling change between May and September for quadrats outside (a) and inside (b) the 
mangrove forest. Tree complexity was set at 4 while optimal learning rate (lr) and bag 
fractions (bf) were; lr=0.001 and bf=1 for (a) and lr=0.0025 and bf=0.75 for (b). 
a. Outside forest b. Inside forest 
Predictor variable % contribution Predictor variable % contribution 
BED_SHEAR_AVE 43.26 GERMS_MAY 22.25 
CRAB_DENS 33.81 BASAL_AREA 13.96 
SEAWARD_WIDTH 15.36 ELEVATION 10.62 
PROP_SUPPLY 4.30 CRAB_DENS 8.05 
ELEVATION 3.27 EASTING 6.88 
SEEDLING_JAN 0.00 SED_COMBO 5.63 
TREE_SEEDS 0.00 SURFACE_SED 5.34 
PP_HEIGHT 0.00 COMPLEXITY 4.84 
NORTHING 0.00 PP_HEIGHT 3.89 
SALTMARSH_BB 0.00 SEEDLING_JAN 2.91 
SED_COMBO 0.00 TREE_SEEDS 2.83 
SED_STR 0.00 SLOPE 2.13 
SURFACE_SED 0.00 SED_STR 1.63 
SUB_SED 0.00 SEAWARD_WIDTH 1.54 
MEAN_DEBRIS 0.00 FOREST_HEIGHT 1.50 
SLOPE 0.00 NORTHING 1.17 
WAVE_POWER_AVE 0.00 SUB_SED 1.17 
SEAWARD_FACTOR 0.00 MEAN_DEBRIS 1.06 
DIST_TREE 0.00 PROP_SUPPLY 0.86 
COMPLEXITY 0.00 STEM_DENS 0.62 
DIR_TREE 0.00 WAVE_POWER_AVE 0.51 
    BED_SHEAR_AVE 0.38 
    SEAWARD_FACTOR 0.16 
    SALTMARSH_BB 0.07 
    SEAWARD_TREES 0.00 
 
 
Figure 5.6: Partial dependence plots for the four most important predictors in the boosted 
regression tree models showing their effects on % seedling change between May and 
September outside of the forest (a) and inside the forest (b). 
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5.4  DISCUSSION 
My results show that there are very different determinants of A. marina 
propagule stranding, initial establishment and early survival outside of the forest 
compared to inside. Additionally, relative influences of factors vary substantially 
during sucessive stages of forest regeneration  in both forested and unforested 
mudflats.  
Propagule Stranding 
The average number of propagules stranded inside the forest was 27.97 ± 
6.18/m2 and densities in individual quadrats varied widely between 0 and 
714/m2 (see response variable summary in Appendix). Outside of the forest, 
stranded propagules were far less abundant with an average of 0.43 ± 0.01/m2, 
with individual densities ranging between 0 and 6/m2. The  mean propagule 
density inside forests in this study falls within the range of propagule densities 
(0-35/m2) found in A. marina forest near Sydney (Minchinton, 2001). However, 
while there are studies which have observed propagules dispersing away from 
mangrove forest (Clarke, 1993; Stieglitz & Ridd, 2001; Sengupta et al., 2005) , 
there appears to be a lack of data on propagule density outside of forest 
(presumably not measured because density is so low in these areas).  
Density of debris (mostly made up of seagrass wrack) was the most influential 
predictor of propagule density and only had a positive marginal effect above a 
Braun-Blanquet score of three (more than 5% coverage per m2). Debris was 
often observed in high quantities along the strandline, however Fig. 5.7 shows 
that while the highest coverages of debris (Braun Blanquet score > 5) were 
indeed found at higher elevations, the distribution of debris was fairly even 
across the range of elevations within which the survey was undertaken.  
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Figure 5.7: Density of debris coverage per m2 across elevations inside the mangrove forest. 
Braun-Blanquet scores describe density as follows; 1 = absent, 2 = <5%, 3 = 5%, 4 = 5-25%, 5 = 
25-50%, 6 = 50-75%, 7 = 75-100%. 
Rabinowitz’s (1978) hypothesis that heavier propagules tend to strand at lower 
elevations within a mangrove forest, while lighter ones are pushed further back 
into the forest, is somewhat contrary to what our results suggest (although this 
hypothesis was developed in a multi-species forest in Panama with more 
complex root structures affecting local hydrodynamics differently) . While only 
one mangrove species exists in our study area, it is reasonable to suggest that 
debris could be a surrogate for lighter propagules. The correlation between the 
distribution of A. marina propagules and the lightweight seagrass wrack suggests 
that stranding patterns are not necessarily reliant on weight of the material. 
However, outside of the forest, elevation had a larger influence on propagule 
stranding particularly above 0.4m AHD. This is more consistent with Rabinowitz’s 
(1978) model as the energy that pushes lighter material further up the shore, is 
less attenuated in the absence of the forest and heavier material is also able to 
be stranded at higher elevations. Sousa et al. (2007) observed a consistent 
seaward movement of Avicennia germinans, Laguncularia racemosa and 
Rhizophora mangle propagules from forests in Panama, and they therefore 
wondered how mangroves were able to initially establish at higher elevations. 
They theorised that propagules could have been transported further inland 
during periods of higher hydrodynamic energy (e.g. storm surges possibly 
coinciding with king tides) followed by periods of more benign conditions 
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allowing the propagules to take root and develop into seedlings. This theory  is 
consistent with the ‘Window of Opportunity’ model that suggests that mass 
recruitment events are made possible by periods of low hydrodynamic 
disturbance (Balke et al., 2015).   
Larger than the influence of elevation outside of the forest was the presence of 
fruit on nearby small patches or isolated trees. This is consistent with other 
studies which have shown that the vast majority of mangrove propagules only 
travel a short distance from the parent tree (Clarke & Myerscough, 1991b; 
McGuinness, 1997; Sousa et al., 2007) and although propagules outside of the 
forest tend to be pushed landward (as discussed above), a nearby source of 
propagules over the duration of the dispersal season was a major predictor of 
stranding outside of a mangrove forest. Structural complexity outside of 
forested areas also had a relatively high influence on propagule stranding. While 
this could be construed as something associated with the existence of fruiting 
trees, these two predictors did not correlate (r = 0.15) and it therefore seems to 
be an independently important factor in determining stranding patterns outside 
of the mangrove forest. Besides their role in supplying propagules to their 
surrounds, the presence of adult trees outside of the forest and their associated 
root structures provides obstacles for propagules as they are dispersing and 
therefore encourage their retention within the maze of trunks, stems and 
pneumatophores (Stieglitz & Ridd, 2001; Di Nitto et al., 2013).  
Initial seedling establishment 
By the end of the propagule dispersal period, the average density of newly 
established seedlings within the forest was 10.93 ± 1.76/m2 with individual 
densities varying between 0 and 121/m2. Similar to the distribution of 
propagules, the abundance of new seedlings outside of the forest was much 
lower than inside, averaging 0.66 ± 0.27/m2 and ranging between 0 and 25/m2. 
The higher abundance of seedlings than propagules outside of the forest (Fig. 
5.2a) indicates that even though the majority of propagules had fallen from the 
trees by the time the survey was undertaken, there was still a small amount of 
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secondary dispersal between survey one and two after the propagule s had lost 
their pericarps and the ability to float. This secondary dispersal outside the 
forest may also be indicative of the lack of protection from hydrodynamic 
energy. Similar to propagules, the average seedling density measured inside the 
forest was similar to A. marina seedling densities found by Minchinton (2001) (0 
– 12/m2) and Clarke and Allaway (1993) at their bay-end sites (15/m2) but lower 
than their river-end sites (50/m2) in the Hawkesbury River and Jervis Bay in 
NSW, Australia. Again, data on seedling establishment outside of a mangrove 
forest were sparse although Clarke and Myerscough (1993) found that some A. 
marina seedlings were able to recruit on bare mudflats on the seaward side of 
the mangrove forest, but at far lower densities found within the forest itself 
(<3/m2). 
The density of propagules in February had by far the greatest influence on the 
establishment of new seedlings inside the forest. Further, the partial plot (Fig. 
5.5b, SEEDS) showed that lower numbers of stranded propagules (< ~80/m2) had 
a negative marginal effect on densities of new seedlings. This indicates that the 
most successful recruitment inside a mangrove forest occurs when propagule 
stranding levels are very high. This result also adds further weight to the 
aforementioned findings of other studies that once abscission takes place, 
propagules tend to stay close to the parent tree. The strength of sediments also 
played a role in successful establishment of seedlings within the forest and 
appeared to be favourable to establishment below approximately 1.5kg/m2. This 
is consistent with the suggestion of Kaly et al (1997) that compacted soils could 
hinder root penetration of new seedlings as well as reduce sub-surface gas-
exchange. 
Outside the forest, wave power was the most influential predictor on new 
seedling establishment. 94% of newly established seedlings were found at a 
wave power below 0.02 kW per m of wave crest which corresponded with the 
median wave power outside of the forest (see predictor variable summary in 
Appendix). Only a single new seedling established within a quadrat exposed to 
an average wave power above 0.032 kW per m of wave crest. The mudflats 
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where this quadrat was located were littered with red algae which also 
surrounded the single seedling that was counted (Fig. 5.8). The presence of algae 
on mudflats has been shown to prevent the establishment of mangrove 
seedlings (Clarke & Myerscough, 1993) however, in this case the algae may be 
providing a ‘nurse’ function benefiting the establishment of the see dling similar 
to some salt-tolerant herbaceous species (McKee et al., 2007) or alternative 
mangrove species (Ren et al., 2008) that facilitated mangrove seedling 
establishment in other areas.  
 
Figure 5.8: Newly established seedling in quadrat placed on mudflat on French Island also 
scattered with red algae (2013). Note algae surrounding seedling just below smaller sub-
quadrat. 
A positive influence on new seedling establishment outside the forest was also 
seen where sites were closer than approximately 400m to large patches of 
existing forest. At this distance, and with varying directions to the forest, there is 
unlikely to be hydrodynamic protection from the forest.  Proximity to a source of 
propagules is the likely explanation for the positive influence of nearby forest. 
Limited seedling establishment due to low dispersal rates were also indicated by 
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the influence of modelled propagule supply where extremely low modelled 
propagule supply had a negative marginal effect.  
Unexpectedly, crab burrow density had a positive influence on seedling 
establishment outside the forest, especially above 100 burrows/m2. It is possible 
that the positive influence is linked to the reported benefit that crab burrowings 
have on soil chemistry. A high abundance of crab burrows has been found to 
reduce levels of sulphides and ammonium due to the aeration that is provided 
by the burrowings. This aeration may also be beneficial for young seedlings 
which have yet to develop the aerial root structures and still re ly on sub-surface 
gas exchange (Smith et al., 1991). 
Seedling Attrition rates 
Inside the forest, total seedling numbers fell by an average of 31.2 ± 3.3% and 
outside of the forest by 67.6 ± 8.6%. The attrition rate inside the forest was once 
again very similar to that found by Minchinton (2001) who saw a average 
mortality rate of under 25% while Clarke and Allaway (1993) also saw survival 
decrease by between 20–40% after twelve months.  
Inside the forest, the number of newly established seedlings had the hi ghest 
influence on total seedling attrition rates with very low numbers of new 
seedlings resulting in a smaller percentage decrease of seedlings overall during 
winter. This indicates that seedling losses are more common in newly 
established seedlings rather than seedlings that have established in previous 
years. This was also the observation in a study in Western Port that investigated 
the survival and growth of seedlings and propagules planted adjacent to 
remnant forest where mortality over the first six months after planting was very 
high (50-70%), but survival stabilised after this time (Hurst et al., 2015, Chapter 
3). 
Basal area, which is an indicator of forest maturity and generally increases with 
age (while stem density declines) (Twilley, 1995), was the second most 
influential predictor of total seedling attrition. Results showed that seedling 
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attrition rates are lower at basal areas of less than approximately 4m2/ha. Basal 
area correlated fairly well with structural complexity (Fig.5.9, r = 0.62) and the 
majority of quadrats with a basal area of <4m2/ha had a complexity of less than 
350 stems and pneumatophores/m2. The maturity of the forest, indicated by 
high basal area and complexity, may be preventing longer term establishment of 
seedlings due to higher canopy cover. Many argue that A. marina, being a 
pioneer species, is shade intolerant (Smith, 1987; Friess  et al., 2012). This  
observation has also been made in temperate A. marina forests where seedling 
survival has been more successful in gaps in the forest than underneath the 
canopy (Burns & Ogden, 1985; Osunkoya & Creese, 1997; Minchinton, 2001).   
 
Figure 5.9: Relationship between basal area and structural complexity 
Elevation was the third most influential predictor of seedling attrition rates 
within the mangrove forest and had a positive effect on survival above 
elevations of around 0.9m AHD and a negative effect below this elevation. This 
result is consistent with the effect of elevation on the density of previous year’s 
seedlings (BRT model 1) where it was by far the most influential factor and had a 
similar effect above 0.9m AHD. Balke et al (2011) found that mangrove seedlings 
require periods of low hydrodynamic energy in order for them to develop 
sufficient root systems in order for them to avoid being wrenched out of the 
substrate or removed due to erosion of the surrounding sediments. Further, 
while hydrodynamic energy can be attenuated by the characteristic structural 
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complexity of a mangrove forest, this attenuation occurs over some distance 
and therefore a proportion of the forest on the seaward side is still susceptible 
to these forces (Balke et al., 2013b). Our results are consistent with these ideas 
given that seedlings were far more likely to survive at higher elevations where 
(1) inundation duration is shorter (they are flooded for less time during the tidal 
cycle) and are therefore less frequently exposed to high energy events when 
they occur, and (2) there is generally a greater width of forest on the seaward 
side resulting in a higher attenuation of hydrodynamic energy. It is worth noting 
though, that the wave model did not incorporate the effect of wave breaking 
and this may be an additional stressor on young seedlings, particulalry outside of 
the forest and possibly at higher elevations.  
Outside of the forest, the generally low numbers of seedlings rendered the 
results of the seedling attrition analysis somewhat less reliable. However, results 
strongly indicated that bed shear stress was the most influential predictor on 
seedling attrition rates especially above 0.005 N m-2. High bed shear stress 
derived from waves can be be implicated in the process of dislodgement of 
seedlings from the sediment and is related to the length of roots that have 
developed (Balke et al., 2015). Balke et al (2015) found that seedlings with an 
average root length of greater than 2cm can typically withstand bed shear stress 
forces of up to 0.6 N m-2. Their study was focussed on the effect of 
hydrodynamic ‘events’ (e.g. storms) on seedling dislodgement and examination 
of maximum bed shear stress across Western Port derived from our wave 
modelling, revealed that bed shear stress did not exceed 0.4 N m -2 at any of the 
survey sites between May and September 2013. Given the root length of 
seedlings that had established across our survey sites were most likely longer 
than 2cm (nursery observations found that this length is generally exceeded 
after two weeks (Hurst, unpublished data)), the effect of bed shear stress in this 
case is more likely a chronic one which perhaps eroded surrounding sediments 
causing the seedlings to be washed out or caused death due to long-term 
exposure to waves.  
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The density of crab burrows was the next most important predictor of seedl ing 
attrition outside of the mangrove forest and was also the fourth highest 
predictor within the forest. The marginal effect became negative for both 
analyses (a dramatic increase outside while a more gradual one inside) above 
crab burrow densities of 100/m2. Burrow counts have been shown to be a 
reliable indicator of crab density (Warren, 1990) and while the majority of crab 
predation studies have focussed on mangrove propagules (Osborne & Smith, 
1990; Lee, 1998; Clarke & Kerrigan, 2002) there has been some recent research 
that has highlighted that crabs can potentially reduce seedling numbers by up to 
75% through clipping of the stem around the base or cutting through the entire 
stem (Praveen et al., 2017). It is possible that outside of the forest, where food 
sources are more scarce than within the forest, mangrove seedlings may be 
more attactive to crabs. 
Natural recruitment of A. marina and implications for mangrove 
restoration 
My results increase understanding of the regeneration niche of mangrove 
forests and demonstrate how different factors become important during each of 
the life history stages and how important factors vary between the forest and on 
bare or sparsely vegetated mudflats. Figure 5.10 summarises the most 
important factors for each stage in a conceptual model. The model separates 
factors into those that are generally related to hydrological processes and 
stresses (e.g. wave power, bed shear stress, elevation and hydrodynamically 
driven dispersal of propagules on a bay-wide and local scale) and those that are 
associated with the biological and structural components of the forest itself (e.g. 
local abundance propagules, maturity of the forest and crab populations). Some 
factors span both categories (e.g. structural complexity and the forest width are 
biological components of the forest but both play a role in affecting 
hydrodynamics on a local scale) while others do not fit neatly into either (e.g. 
sediment characteristics however, of these, only sediment strength was 
determined as important during initial establishment inside the forest). The 
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conceptual model provides a basis for restoration practitioners to choose which 
restoration strategies might be most appropriate at their site. Restoration 
strategies generally fall into two categories; facilitation of natural regeneration 
through manipulation of hydrology to mimic natural conditions (i.e. Ecological 
Mangrove Restoration (EMR) (Lewis, 2005)), or the more commonly initiated 
restoration through the planting of mangrove seedlings or propagul es. Our 
conceptual model and results are of relevance to both these strategies and 
opportunities for undertaking complementary activities to improve either or 
both are highlighted below. 
 
Figure 5.10: Conceptual model of A. marina regeneration processes in Western Port Bay. 
Thicker lines indicate the dominant factors within each process, colour of lines indicate a 
positive (green) or negative (red) effect on process as factor value increases. 
During the propagule dispersal phase, stranding of propagules inside the forest 
is largely driven by hydrodynamic factors (i.e. currents) which deposit 
propagules across the forest in a similar way to how floating debris is scattered 
amongst the forest floor. The source of propagules also appears to be important 
with local and bay-wide propagule dispersal more or less equally influential in 
successful stranding across the forest. On the other hand, outside of the forest 
the importance of locally derived seeds is much higher indicating that a key 
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barrier to mangrove regeneration on bare mudflats is propagule supply 
limitation. This demonstrates that in these areas, facilitation of natural 
regeneration by manipulating hydrology through EMR alone is not feasible 
without a reliable local source of propagules to disperse into the restoration site 
(Lewis, 2005). Importation of propagules to these areas is a potential 
intervention, but their retention within the restoration site also needs to be 
facilitated otherwise they will be pushed higher on the shoreline as indicated by 
the importance of elevation. Our results show that propagule stranding is more 
likely in areas where there is some vegetation and associated root structures 
and along with the introduction of propagules to restoration sites, the 
construction of some artificial forest complexity (e.g. artificial pneumatophore 
fields interspersed with some thicker mangrove trunk width posts) may help to 
retain these where they are desired. Alternatively, planting of nursery-raised or 
transplanted seedlings is a logical intervention in propagule limited areas. 
During the initial establishment phase of regeneration within the forest, the 
hydrologically driven stranding patterns of propagules largely account for 
successful establishment of new seedlings. It also appears that there are some 
biological factors that can influence this establishment such as the density of the 
forest and associated root structures as well as the penetrability of sediments by 
emerging roots. Outside of the forest, local seed sources remain an important 
factor but the dominant constraint for successful initial establishment of 
seedlings appears to be the broader hydrodynamics. This is consistent with a 
‘Window of Opportunity’ for successful establishment of mangrove seedlings 
being determined by hydrodynamic stress (Balke et al., 2011). In order to 
broaden this ‘Window of Opportunity’, a potential intervention that could assist 
with restoration of bare or sparsely vegetated mudflats could be to reduce this 
stress through human-assisted wave attenuation solutions. A range of options 
are available and have been implemented across the world including engineered 
structures such as groynes or breakwaters along open coastlines (Hashim et al., 
2010; Tamin et al., 2011), rock fillets constructed along eroding estuary banks 
(Stewart & Fairfull, 2008) or softer engineering solutions such as Melaleuca 
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fences (Cuong et al., 2015). These structures could be incorporated along the 
seaward edge of the above artificial complexity measures to increase the chance 
of propagule retention as well as planted seedling establishment. Our results 
suggest that wave power above approximately 0.02 kW per m of wave crest is 
potentially unsuitable for mangrove seedling establishment so when designing 
the above attenuation and complexity structures, their expected effect on wave 
attenuation needs to be calculated to ensure that they are providing a suitable 
environment relative to ambient wave conditions at an individual location. 
Importantly, the wave power figure quoted above is an average of modelled 
wave power across a certain period and when calculating expected attenuation 
capability of any proposed structures, maximum wave power of a location also 
needs to be considered given the considerable impact of storm events on 
coastal environments. Additionally, the wave power tolerance figure quoted 
above is unique to this study and Western Port Bay and requires further 
verification against future studies. 
Over the first few months after seedling establishment within the forest, 
biological factors appear the most important in determining seedling survival. 
The areas where initial seedling establishment was high were aligned with the 
areas that saw the greatest loss of seedlings. Although seemingly self -defeating, 
this is a typical feature of mangrove forests where seedling establishment is 
common within a forest, but longer-term survival is reduced due to light 
limitation (Clarke, 2004). The importance of increased seedling attrition in 
mature forests supports the notion that this occurs in the mangrove forests of 
Western Port Bay.  However, higher elevations saw elevated seedling survival, 
and while this was not the most influential factor in the year of recruitment, the 
analysis of existing seedling distributions showed that this factor becomes more 
important as time goes on. Higher survival at higher elevations may be related to 
greater light resources available as the forest becomes thinner at its upper tidal 
limit or may also be due to shorter inundation periods and subsequent exposure 
to hydrodynamic stresses (although a high elevations within the forest it could 
be reasonable to suggest that this energy would have been mostly attenuated) 
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(Balke et al., 2014). To reduce the exposure of restoration sites to hydrodynamic 
energy it would seem prudent to attempt restoration within the upper limits of 
the tidal range suitable for mangrove survival and would be a design feature of 
the aforementioned artificial complexity and wave attenuation structures (see 
example plan in Fig. 5.11). 
Outside the forest, the effects of hydrodynamic energy continued to be most 
influential factor in limiting short-term seedling survival. Bed shear stress 
appears to be a more reliable indicator of seedling loss compared to wave 
power. This may be due to the relationship that bed shear stress has to the 
erosive capacity of waves causing the undermining of young seedlings over time. 
The effect of bed shear stress appears to have been tempered a little by the 
existence of mangrove vegetation between the mudflat and the open water of 
the bay which was presumably providing some protection from these forces. It 
again highlights the importance of the wave attenuation measures to protect 
the seedlings and it is likely that the structures would provide direct protection 
from both waves and bed shear stress generated by the waves without the need 
to customise them for protection from either. However, because bed shear 
stress is not only generated by wave activity, attempts to attenuate waves at 
individual sites should also consider potential changes to the strength and 
direction of currents. 
 The apparently large negative influence that increasing crab burrow density had 
on short-term seedling survival outside the forest was surprising and certainly 
warrants further investigation.  If crabs are indeed predating young seedlings 
then further measures need to be implemented such as placing propagules or 
seedlings inside a protective cylinder or painting the hypocotyls to reduce the 
attractiveness of the propagules or young seedling to crabs (FAO, 1994; Kairo et 
al., 2001).  
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Figure 5.11: Example plan of mangrove restoration project incorporating design features 
derived from updated understanding of the regeneration niche of A. marina. Grey speckled 
area behind wave attenuation structures signifies an artificial complexity field. 
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Discussion and Conclusions 
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The major aim of this study was to develop a better understanding of the physical 
factors that facilitate the success of mangrove restoration efforts in a temperate 
climate. In addressing this aim, the most significant results and new knowledge 
provided by this study are that: 1) mangrove regeneration is occurring naturally over 
time within and close to disturbed patches of mangrove forest, but regeneration on 
adjacent clear-felled bare mudflats is lacking; 2)  the most likely cause of the lack of 
regeneration on bare mudflats is exposure of mangrove propagules and seedlings to 
hydrodynamic energy that is beyond the survival threshold of these young plants,  
which is preventing the reversal of the alternative stable state (i.e. bare mudflats); 3) 
mangrove propagule collection methods can affect the quality of mangrove seedlings 
raised in nurseries, which in turn influences survival of seedlings planted in the field, 
and hence, success of restoration activities; and 4) successive stages of mangrove 
regeneration are affected by different factors within and outside of a mangrove forest, 
with exposure to hydrodynamic energy a key factor reducing regeneration in 
unforested areas. 
Whilst the majority of mangrove forests and mangrove restoration activities occur 
within tropical climates, this study was entirely undertaken near the southerly edge of 
global mangrove distributions within the temperate climate region of Western Port 
Bay, Australia. Additionally, the study focused on a single species, Avicennia marina, 
which is found throughout the Western Pacific and Indian Ocean coastlines, but is the 
only species that grows in the study region. Therefore, this study has added to the 
global pool of knowledge of A. marina at the edge of its geographical distribution, and 
has provided information that can guide future restoration efforts and facilitate 
restoration success in other parts of the world, particularly in cooler climates. 
 
Mangrove restoration around the world and study design 
The failure of mangrove restoration activities experienced in Western Port Bay is not 
an isolated occurrence and is echoed in many places around the world (Ellison, 2000a; 
Primavera & Esteban, 2008; Winterwerp et al., 2013). For example, the massive 
mangrove restoration projects undertaken in Southeast Asia in the wake of the 2001 
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tsunami saw around 30 million seedlings planted across the region, many of which di d 
not survive (Wibisono & Suryadiputra, 2006; UNEP, 2007). Since these high-profile 
mangrove restoration failures, much has been written about the mangrove 
restoration strategies that should be employed to increase the likelihood of success in 
the future. Possibly the most well-known strategy that has been developed is Lewis’ 
Ecological Mangrove Restoration (EMR) (Lewis, 2005; Thomas et al., 2017). This 
strategy emphasises the importance of understanding the ecology of a mangrove 
species, particularly during the regeneration phases (reproduction, propagule 
dispersal and early seedling survival). This understanding is then used to identify 
hydrological obstacles to regeneration that have led to the degradation of the forest. 
My research was designed with Lewis’ EMR strategy in mind and began with a detailed 
review of not only mangrove restoration, but also natural mangrove regeneration, 
taking particular note of research undertaken in temperate mangrove ecosystems 
(Chapter 1). This was followed by a field examination of the physical and biological 
characteristics of the mangrove forests of Western Port Bay as well as how the 
degraded forests on the eastern shores have changed in extent and density over 
recent decades using historical aerial photography (Chapter 2). Patterns of historical 
regeneration assisted in determining factors that appeared to be limiting natural 
regeneration and restoration activities and these factors were used to design a 
seedling and propagule planting experiment (Chapter 3). Given the importance of 
good quality nursery-raised seedlings for ensuring restoration success (UNEP, 2007), 
this study examined the question of how propagule harvesting techniques could be 
improved to optimise the quality of resultant seedlings for use in restorati on projects 
(Chapter 4). Finally, propagule dispersal, seedling recruitment and early survival were 
surveyed across the bay to determine how these regeneration processes are affected 
by a range of field collected and modelled variables. This component of the study was 
designed to determine how natural regeneration processes can provide clues for 
designing more effective mangrove restoration projects (Chapter 5).    
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Identifying stressors through observations of long-term change in 
mangrove forest distribution 
The analysis of historical aerial photography in Chapter 2 provided a broad 
understanding of how temperate mangrove forests respond in the wake of previous 
disturbance. My results showed that there was substantial regeneration over the past 
five to seven decades in the patchy mangrove forests along the eastern shores of 
Western Port Bay. Boon et al. (2011)  showed that the extent of mangrove forests in 
Western Port Bay has remained largely static since European colonisation. My results 
are consistent with Boon et al. (2011) given that the majority of regeneration I 
observed was the result of ‘infilling’ of previously disturbed forest as opposed to 
broadening of extent. However, my results also showed that there was some 
landward encroachment of the forest, which is consistent with previous observations 
in other parts of Western Port Bay as well as throughout the temperate mangrove 
forests of New South Wales (Rogers et al., 2005; Rogers et al., 2006). Additionally, 
there appeared to be seaward migration of the forest in some areas, possibly as a 
result of sedimentation providing a further suitable habitat for mangrove survival, as 
has been observed in New Zealand (Burns & Ogden, 1985; Morrisey et al., 2007).  
The starkest result of the historical photo analysis was the lack of regeneration that 
was observed between remnant patches of forest in areas where the mangrove forest 
had been clear-felled and has evidently not recovered. Following Lewis’ (2005) idea 
that hydrological changes to a mangrove forest should be identified and then reversed 
in order to effectively restore a mangrove forest, I identified two possible hydrological 
stressors that appeared to be preventing natural regeneration. Firstly, the clear-felling 
of the forest may have resulted in decreased mudflat elevation through erosion of 
formerly stabilised sediments and mudflats become less suitable for mangrove 
survival (Xiao et al., 2009). Secondly, seedlings were unable to become established 
due to exposure to hydrodynamic energy (i.e. wind driven waves and currents) that 
was formerly ameliorated by the mangrove forest (Thampanya et al., 2002; Balke et 
al., 2011). This second hydrological stressor is not discussed in detail by Lewis, who 
generally focussed on interruptions of tidal and current flows in sheltered estuaries 
 197 
 
and lagoons that have been disturbed by human activities (Lewis, 2005; Thomas et al., 
2017).  
 
Disturbance to Mangroves and Alternative Stable States 
Given the results of the historical photo analysis, Chapter 3 examined the effe ct of 
proximity to existing protective patches of mangrove forest as well as inundation 
duration on the growth and survival of planted seedlings and propagules. My research 
indicated that survival of mangrove seedlings was reduced by increasing exposure to  
hydrodynamic energy and this result concurs with previous work that demonstrated 
this phenomenon within a mangrove forest of varying densities in tropical Thailand 
(Thampanya et al., 2002). My study differed from previous research through the 
experimental planting of seedlings on bare mudflats, as opposed to within a mangrove 
forest. Bare mudflats are more representative of many mangrove restoration sites and 
therefore my results directly demonstrate the role of hydrodynamic energy that could 
be a factor reducing success of restoration projects. My findings also led to one of the 
main theoretical implications of this study, being support for the idea that disturbance 
of mangrove forests, which exist in high-energy environments, are susceptible to a 
shift to an alternative stable state of persistent, bare mudflats. Ecosystems are said to 
be able to exist under multiple states, which are considered non-transitory given a 
range of stabilising factors (Scheffer et al., 2001). A shift between these states occurs 
when the ecosystem is disturbed beyond the point from which it can recover naturally 
(Beisner et al., 2003). In these circumstances, the stabilising factors which are 
preventing a shift (e.g. physical characteristics of a bare or vegetated mudflat affecting 
the level of hydrodynamic energy) are overcome. The historical clearing of mangrove 
forests in Western Port Bay appears to have led to this situation as indicated by the 
lack of regeneration in forest gaps in the historical photo analysis (Chapter 2). 
Transitions between alternative stable states in mangrove ecosystems have been 
previously discussed by Balke et al. (2014) who found that recovery from a bare 
mudflat to a mangrove forest could only be achieved when hydrodynamic disturbance 
fell below a certain threshold for a defined period of time. This then allows stranded 
mangrove propagules to take root and seedlings to survive without wave and current 
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energy dislodging them or eroding sediments resulting in their collapse (Balke et al., 
2011). Results from Chapter 3 suggest that the theory of alternative stable states 
extends to mangrove restoration efforts where hydrodynamic energy is a key factor 
reducing the successful establishment of planted mangrove seedlings, preventing even 
a human-assisted shift back to a vegetated state. Consequently, additional measures 
are required to protect planted seedlings from being killed by hydrodynamic energy 
(see management recommendations below).  
The findings of Chapter 5 further supported the idea that alternative stable states are 
an important consideration in mangrove forests.  Results demonstrated the contrast 
between local factors influencing seedling establishment success within the mangrove 
forest as opposed to broader hydrodynamic stress being the dominant factors 
reducing regeneration beyond the protective properties of the forest. Producing larger 
seedlings in the nursery appeared to go some way to allowing seedlings to withstand 
greater levels of hydrodynamic stress in the short term, however this alone was  not 
enough to significantly reduce mortality rates after a longer period of time (Chapter 
4). Demonstrating the existence of alternative stable states in mangrove ecosystems 
has important management implications, which are discussed further below.  
 
The importance of mangrove propagule collection methods 
Developing robust techniques for the collection of propagules for production of 
mangrove seedlings in a nursery is a vital step in ensuring restoration success (UNEP, 
2007). In Chapter 4, I trialled different A. marina propagule collection techniques with 
the aim of growing the largest nursery seedlings. I then expected that these large 
seedlings would result in a higher survival and establishment when planted at the 
restoration site versus smaller seedlings. My results showed that collection of the 
largest propagules that were in good condition (i.e. free of insect damage or evidence 
of desiccation) and had already fallen from the trees led to increased seedling 
germination in the nursery and generally resulted in taller and leafier seedlings. These 
results largely aligned with previous work by Lin and Sternberg (1995) and Sousa et al. 
(2003) although my study appears to be the first  to examine A. marina  in a 
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temperate climate. Additionally, my study provided an additional practical element by 
planting and comparing establishment of nursery-raised seedlings of varying size in 
the field to determine whether seedling size would indeed affect survival of the 
seedlings and ultimately, restoration success.  After planting in the field, the largest 
seedlings survived at higher rates than smaller ones and thus the overall aim of 
producing the largest seedlings possible to ensure better survival rates appears to be 
sound. However, after a lengthy period post-planting (30 months), survival of even the 
largest seedlings decreased dramatically, and given the experimental planting site was 
situated on bare mudflats with very little protection provided by adjacent remnant 
mangrove forest, the reduced survival was attributed to external pressures on the 
seedlings, namely hydrodynamic energy. Again, this demonstrated that additional 
protective measures are likely required to improve restoration success.  
Factors affecting natural mangrove regeneration processes 
Factors known to influence the success of natural mangrove regeneration processes, 
including propagule stranding, initial seedling establishment and early attrition of 
established seedlings, were tested and compared between forested and unforested 
areas (Chapter 5).  The results of these comparisons suggest that different factors play 
stronger roles in forested versus unforested environments as well as during different 
stages of regeneration. In forested survey locations, local biological (debris deposition, 
local seed sources and forest maturity) and hydrological (structural complexity and 
mudflat elevation) factors tended to affect regeneration processes most strongly. 
These results were largely consistent with a range of previous studies undertaken 
within mangrove forests, although these generally examined a smaller number of 
factors, e.g. propagule dispersal patterns (Rabinowitz, 1978; Clarke & Myerscough, 
1991b; Sousa et al., 2007), sediment characteristics (Kaly et al., 1997) and forest 
structure (Mazda & Wolanski, 2009; Di Nitto et al., 2013). On the other hand, in 
unforested environments where regeneration was found to be far lower than within 
the forest, the broader hydrodynamic stress of wave energy was more influential. 
These results are also consistent with recent studies that have highlighted 
hydrodynamic energy as an important factor (Thampanya et al., 2002; Balke et al., 
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2011), but there are generally fewer studies and there do not appear to be any studies 
that have tested this factor alongside the range of factors included in my study. 
My results led to another major theoretical implication; that being the contribution to 
the description of the regeneration niche of A. marina. This had been described 
previously by Clarke and Allaway (1993) who recognised the importance of 
hydrodynamic stress and propagule supply on seedling recruitment, but they did not 
test these factors in their study. The advance of hydrodynamic and wave modelling 
techniques since Clarke and Allaway’s (1993) work has allowed these factors to be 
investigated in the present study, which has shown their importance in bare or 
sparsely vegetated mangrove habitats (Chapter 5). Additionally, within the mangrove 
forest, this study showed that mangrove regeneration can potentially be predicted by 
local hydrodynamic patterns driven by forest structure which deposits debris and 
floating propagules alike throughout the forest. However, propagule deposition does 
not necessarily translate to recruitment success and during the vulnerable early 
establishment stages of mangrove seedlings, other factors become important in 
determining ongoing survival of seedlings. In particular, seedling success appears to 
increase with elevation of the mudflat, possibly due to the higher wave attenuation 
function provided by a generally wider band of mangrove forest on the seaward side 
in combination with a lessened chance of exposure to the destructive effects of 
coastal storms due to the reduced length of time of inundation at higher elevations. 
This protective function of mangrove forests is well-known, although usually discussed 
in the context of protection provided to the landward environment and coastal 
communities (Alongi, 2008; Feagin et al., 2011; Marois & Mitsch, 2015; Narayan et al., 
2016) rather than to regenerating plants within the forest itself.  It is possible that the 
tendency for mangrove seedling survival at higher elevations may also be contributing 
to their propensity to encroach landward into adjacent coastal vegetation types 
(Rogers et al., 2005; Rogers et al., 2006).  
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Management Recommendations for Future Restoration Efforts  
There are a number of management implications stemming from this study, which has 
attempted to consider how the ecological findings can be applied in a practical sense 
by mangrove restoration practitioners. Indications that some disturbed mangrove 
ecosystems in high hydrodynamic energy environments have shifted to an alternative 
stable state means that restoration is unlikely to be as simple as replanting in exposed 
bare mudflats that are afforded little protection from hydrodynamic energy. This is 
consistent with the practice of Ecological Mangrove Restoration (EMR) (Lewis, 2005), 
which emphasises the restoration of disturbed estuary systems to return natural 
hydrology to allow for natural recruitment of dispersing propagules. As mentioned 
previously, the development of EMR has been generally based on disturbed mangrove 
forests in estuaries with low wave energy as opposed to open bays and inlets, and 
EMR therefore generally focusses on reinstating tidal flow to facilitate natural 
regeneration. My results indicate that the additional hydrological stressor of wave 
energy should be added as a consideration in the EMR model to provide information 
for those attempting mangrove restoration in higher wave energy environments. EMR 
states that planting of seedlings should be a last resort if natural hydrology cannot be 
restored. However, my study has shown that where propagule dispersal is limited due 
to broad scale removal of parent trees and the resultant exposure to wave energy is 
reducing the ability for new seedlings to recruit, planting seedlings remains a vital tool 
for restoration practitioners.  
Throughout this study, a number of recommendations have been made regarding the 
use of additional measures to provide protection for planted seedlings from the 
damaging hydrodynamic forces discussed above. Groynes and breakwaters (Hashim et 
al., 2010; Tamin et al., 2011), rock fillets along estuary banks (Stewart & Fairfull, 2008) 
and some soft-engineering solutions, such as wave attenuating fences constructed 
from natural materials (Cuong et al., 2015) have been successfully trialled to protect 
large areas of planted mangrove seedlings. Additionally, in Western Port Bay there has 
been some success with the use of tubular guards to protect individual seedlings 
(Hurst, 2013). However, while mangrove restoration is generally considered an 
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inexpensive coastal restoration activity relative to seagrass and coral reef restoration 
projects (Bayraktarov et al., 2016), these additional protection measures would add a 
significant cost to mangrove restoration projects and more evidence of their 
effectiveness would need to be demonstrated in order to convince coastal managers 
to invest in them (i.e. through a cost-benefit analysis).  
In Chapter 5, the use of wave modelling assisted in determining a wave power and bed 
shear strength value above which mangrove regeneration was reduced and these 
values may be useful for the design of protection measures to ensure they reduce 
hydrodynamic energy to levels conducive to mangrove seedling survival. However, 
further work is required to refine these values (see below). Nevertheless, this study 
has indicated that the development of sufficient protective structures is needed to 
ensure the success of mangrove restoration projects in high-energy coastlines. 
In addition to contributions to theoretical knowledge, this thesis also provides some 
particularly targeted management implications for mangrove restoration during the 
seedling rearing phase of a restoration project (Chapter 4). In their review of 
mangrove restoration activities in the wake of the 2004 tsunami in Southeast Asia, the 
United Nations Environment Programme highlighted the importance of developing 
robust nursery practices to ensure that mangrove planting stock was of sufficient 
quality (UNEP, 2007). Previous recommendations regarding the collection of 
mangrove propagules differ among the range of mangrove restoration manuals 
available. However, my research suggests that the most appropriate method for A. 
marina is to collect propagules that have already fallen from parent trees, taking care 
to ensure that they have minimal damage by insects or desiccation. Additionally, the 
largest seedlings were grown from the largest propagules collected and these survived 
in greater numbers than smaller seedlings after planting at the restoration site. 
Further patience may be required to ensure that propagules have developed to their 
maximum size before collecting them from the ground. Incorporating these 
recommendations into mangrove restoration projects should be simple and it is 
recommended that detailed records are kept of the methods used during a 
restoration project to ensure that further improvements can be made in the future. 
Record-keeping is also important for the purposes of providing information to other 
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mangrove restoration practitioners and indeed my recommendation (made in Chapter 
4) to establish a global database of mangrove restoration projects, including successes 
and failures, is echoed here. 
The unexpected impact that crab populations had on seedlings that had recently 
established on unforested mudflats may have important implications for mangrove 
restoration (Chapter 5). Conventional wisdom suggests that crab populations have 
devastating predatory effects on mangrove propagule abundance (Osborne & Smith, 
1990; Lee, 1998; Clarke & Kerrigan, 2002), but there is only scant reference to their 
effects on mangrove seedlings after they have become established (Praveen et al., 
2017). My results suggest that crab populations (via crab burrow counts) are one of 
the largest predictors of mangrove seedling attrition outside of the forest, although 
this conclusion should be treated with some caution given the very low levels of  
recruitment and that these data are correlative and are yet to be directly tested. 
However, if crabs are indeed having a large impact on young mangrove plants, 
whether planted or naturally recruited, it is an important consideration for mangrove 
restoration practitioners. 
Finally, although A. marina has a reputation for vigorous growth and expansion into 
adjacent landward (Rogers et al., 2006) and seaward (Swales et al., 2007; Morrisey et 
al., 2010) habitats, especially in temperate climates, the results of this study suggest 
that there are some circumstances (e.g. high energy coastlines, historically disturbed 
and fragmented forests), which do not allow such effective regeneration. Accordingly, 
it should be acknowledged that the significant disturbance and fragmentation of such 
ecosystems (i.e. via coastal development or aquaculture activities) could result in a 
shift towards an alternative stable state that is not able to self -repair. Avoiding 
significant disturbances to mangrove ecosystems may be facilitated by assigning a 
higher level of protection for mangrove ecosystems within environmental legislation. 
The well-acknowledged importance of mangrove forests for future climate change 
adaptation and mitigation (Arkema et al., 2013; Marois & Mitsch, 2015; Narayan et al., 
2016) further strengthens the need for these environments to be sufficiently 
protected by governments. 
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Study Limitations and Recommendations for Future Research 
Some of the limitations of this study must be recognised, most significantly that it was 
undertaken at a single location that is very close to the limits of global latitudinal 
mangrove distribution. Arguably, this could also be considered a strength of this 
research, which adds to understanding of how A. marina copes at the edge of its 
range. Furthermore, temperate mangrove growth and distributional expansion is likely 
to be benefitted by the warming effects of climate change and this study provides 
valuable baseline data (Cavanaugh et al., 2014). Nevertheless, growth rates have been 
found to be significantly lower at high latitudes (Morrisey et al., 2010) than in tropical 
climates where the majority of the world’s mangroves are found. The lower rates of 
growth mean that newly established or planted seedlings remain vulnerable to the 
stressors of hydrodynamic energy for a longer period of time due to their smaller size 
and below optimal growing conditions. Consequently, the survival rates measured 
during the study may be somewhat lower than would occur elsewhere in the world 
where the transition from vulnerable seedling to established sapling is more rapid. 
Additionally, it is likely that very few of the planted (Chapter 3 and 4) or naturally 
recruited (Chapter 5) seedlings transitioned from the seedling to sapling stage, and 
therefore, final survival rates of seedlings may be underestimated.  
The existence of only a single species in Western Port Bay could also be considered a 
potential strength or limitation of this study. Monocultural mangrove forests are not 
representative of the majority of mangrove forests around the world and the presence 
of multiple mangrove species at a restoration site may introduce additional 
complications to a project (e.g. competition effects between species). However, the 
subject species, A. marina, is one of the most widely distributed mangrove species in 
the world and the results of this research are likely to be useful to most locations 
where this species occurs. Additionally, the findings of this study could also be applied 
to a range of other mangrove species which are also subject to similar stressors (i.e. 
hydrodynamic energy) that have found to be influential for A. marina.  
Another limitation of the study is the lack of quantitative data on how hydrodynamic 
energy specifically leads to the death of both planted and naturally recruited 
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mangrove seedlings. Mangrove seedlings can be killed in a variety of ways by strong 
waves or currents including physical uprooting and removal (Balke et al., 2011), 
through the undermining or burial of seedlings by eroding or accreting sediments 
(Balke et al., 2013b; Balke et al., 2013a), or through the chronic mechanical stress that 
seedlings are exposed to resulting in the defoliation or the long-term weakening of the 
plant (Jaffe & Forbes, 1993). All of these causes of death were observed during the 
study, but due to the logistical difficulties associated with monitoring in mangrove 
environments, the actual cause of seedling death was not always possible to ascertain. 
Further, monitoring of survival was only undertaken at generally evenly spaced 
intervals and did not consider the impact of storm events on seedling mortality. 
Designing a monitoring program that incorporated such events could help address this 
limitation. Developing a good understanding of the exact mechanisms of seedling 
mortality at a given restoration site is likely to be important for the effective design of 
the protective structures discussed above. For example, different design parameters 
may be used in an eroding mudflat environment versus an accreting one, or additional 
individual plant protective measures may be introduced where defoliation is an issue 
or seedlings are being regularly wrenched out of the mud.        
In light of the above findings and limitations of this study, the following 
recommendations are made for future research in the field of mangrove restoration.  
1. Hydrodynamic effects on mangrove seedling physiology 
Observations of seedling defoliation, necrosis and growth restriction indicates that 
chronic mechanical stress caused by hydrodynamic energy may be affecting seedling 
physiology. Field or flume studies could be used to determine the effects of short -
term ‘storm’ events versus longer-term constant mechanical movement on cellular 
structure of plant components. The results could assist with determining thresholds of 
hydrodynamic energy to ensure the physiological integrity of seedlings. This in turn 
would be crucial information when designing protective structures for individual or 
large areas of planted mangrove seedlings. 
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2. Determination of cause of mangrove seedling mortality 
There remains uncertainty around the relative contribution of different mechanisms 
of mangrove seedling mortality caused by hydrodynamic energy. Field studies at 
existing or prospective mangrove restoration sites located in high energy regions 
could be established to determine the frequency and timing of the range of mortality 
mechanisms, including physical removal, undermining, smothering or physiological 
effects on seedlings. Greater understanding of the principle causes of seedling death 
will again help to inform the design of protective structures for restoration projects.  
3. Design of protective structures for mangrove restoration 
The results of this study strongly suggest that establishment of mangroves in high-
energy environments will require additional protection to facilitate success. Protection 
measures (whether small-scale individual seedling protection or larger-scale structures 
for protection of groups of planted mangroves) could be designed to reduce 
hydrodynamic energy to sufficient levels using the results of the above recommended 
research projects. An important consideration for this research would be cost 
effectiveness given the vast lengths of mangrove forest around the world that require 
restoration. Successful implementation of this research would require a 
multidisciplinary approach that spans ecological and engineering fields of study.  
4. Effects of crab predation on mangrove seedlings 
Results from Chapter 5 indicated that crab predation of mangrove seedl ings could be 
an important constraint for successful mangrove regeneration as well as restoration. 
However, this result is based on a small dataset, but given the potentially substantial 
impact crab predation could have on mangrove restoration success, it is suggested 
that further research is undertaken to ascertain the actual magnitude of the problem. 
If the outcomes of this research indicate that it is a significant issue, further work 
would be required to develop methods to reduce the impact of crabs on mangrove 
restoration projects. 
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5. Long-term monitoring of mangrove regeneration and restoration 
Given the low growth rates experienced during this study, it is recommended that a 
longer-term monitoring program be established. A program of this nature would 
determine if other factors become important in determining the success of a 
restoration project as plants mature from seedlings to saplings and onto adult trees. 
The program would also help to reveal the length of time necessary to provide 
protection for mangrove plants that are vulnerable to hydrodynamic stresses and a 
self-sustaining and repairing forests has been re-established. This point would also 
signify the time at which the bare mudflat stable state has reverted to its former 
vegetated state, which would be the ultimate goal of the restoration project. 
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Chapter 2: Appendix 1 Processed aerial photography 
 
1951 aerial photograph of site GV. Digitised mangrove forest indicated in orange, quadrat locations displayed 
in green. 
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2009 orthographic image of site GV. Digitised mangrove forest indicated in orange, quadrat locations 
displayed in green
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2009 orthographic image of site TP with colour-scaled annual density change of quadrat areas (m2/100m2/yr) 
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1947 aerial photograph of site QF. Digitised mangrove forest indicated in orange, quadrat locations displayed 
in green. 
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2009 orthographic image of site QF. Digitised mangrove forest indicated in orange, quadrat locations 
displayed in green 
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2009 orthographic image of site QF with colour-scaled annual density change of quadrat areas (m2/100m2/yr) 
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1939 aerial photograph of site TP. Digitised mangrove forest indicated in orange, quadrat locations displayed in green. 
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F2009 orthographic image of site TP. Digitised mangrove forest indicated in orange, quadrat locations displayed in green.
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2009 orthographic image of site TP with colour-scaled annual density change of quadrat areas (m2/100m2/yr).
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Chapter 4: Appendix 1 Growth curves of nursery-raised seedlings  
 
Seedling height growth curves of all ground-collected propagules by month and propagule size. Error 
bars are ± 1SE  
 
Seedling height growth curves of all tree-collected propagules by month and propagule size. Error 
bars are ± 1SE  
 237 
 
 
 
Seedling leaf pair growth curves of all ground-collected propagules by month and propagule size. 
Error bars are ± 1SE  
 
 
Seedling leaf pair growth curves of all tree-collected propagules by month and propagule size. Error 
bars are ± 1SE  
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Chapter 5: Appendix 1 Summary statistics for response variables 
 
 
 
 Inside Forest 
 Outside Forest 
Response Variable Detail  Mean ± 1 SE Median Maximum Minimum 
 Mean ± 1 SE Median Maximum Minimum 
SEEDLING_FEB 
Seedlings in February 
less than 20cm tall per 
m2  
10.29 ± 2.02 1 208 0  0.32 ± 0.24 0 23 0 
SEEDS 
Propagules stranded  
on sediment surface 
per m2  
27.96 ± 6.18 7 714 0  0.43 ± 0.10 0 6 0 
GERMS_MAY 
New seedlings with 
cotyledons attached 
per  m2  
10.93 ± 1.76 3 121 0  0.66 ± 0.27 0 25 0 
SEEDLING_DEC 
% decrease in total 
seedling numbers 
between survey 2 and 
3  
33.91 ± 2.81 28.84 100 0  66.33 ± 8.9 100 100 0 
 
Chapter 5: Appendix 2 Summary statistics for predictor variables 
 
 
 
 Inside Forest  Outside Forest 
Predictor Detail  Mean ± 1 SE Median Maximum Minimum  Mean ± 1 SE Median Maximum Minimum 
NORTHING 
Northing coordinate 
(GDA/MGA zone 55) 
 5757005 ± 776 5758809 5769505 5736257  5751652 ± 864 5749864 5769307 5736239 
EASTING 
Easting coordinate 
(GDA/MGA zone 55) 
 354917 ± 785 352912 373060 341815  363634 ± 848 368089 372921 349173 
SLOPE 
Slope of area within 5m 
radius of plot centre in 
degrees 
 2.13 ± 0.21 1.29 15.89 0.07  1.36 ± 0.25 0.47 20.91 0.11 
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 Inside Forest  Outside Forest 
Predictor Detail  Mean ± 1 SE Median Maximum Minimum  Mean ± 1 SE Median Maximum Minimum 
ELEVATION Elevation of plot  0.58 ± 0.04 0.65 1.58 -0.37  0.17 ± 0.03 0.11 1.13 -0.34 
DIST_FOR 
Distance to nearest 
mangrove forest (m) 
>20m in diameter as 
mapped by Boon et al 
(2012) 
 0.12 ± 0.05 0 5 0  769.14 ± 128.85 196 5076 8 
DIST_TREE 
Distance to nearest 
adult mangrove tree 
(m) 
 0.11 ± 0.05 0 5 0  216.45 ± 11.32 225 360 0 
SEAWARD 
Presence of mangroves 
on seaward side of 
quadrat 
 0.94 ± 0.01 1 1 0  0.31 ± 0.04 0 1 0 
SEAWARD_WIDTH 
Width of seaward 
mangrove forest (m) 
 42.27 ± 4.41 24 320 0  7.12 ± 1.74 0 104 0 
DENS_SEAWARD 
Density of mangrove 
forest seaward of 
quadrat 
 2.54 ± 0.06 3 3 0  0.57 ± 0.09 0 3 0 
SIZE_SEAWARD 
Size (height) of 
mangrove forest 
seaward of quadrat 
 2.68 ± 0.06 3 3 0  0.72 ± 0.11 0 3 0 
SEAWARD_FACTOR 
Score indicating 
amount of protection 
provided to individual 
quadrat by mangrove 
forest based on 
existence, density and 
size of seaward 
mangroves 
 7.29 ± 0.21 9 9 0  1.32 ± 0.22 0 9 0 
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 Inside Forest  Outside Forest 
Predictor Detail  Mean ± 1 SE Median Maximum Minimum  Mean ± 1 SE Median Maximum Minimum 
STEM_DENS 
Mangrove plants 
(>20cm tall) per m2 
 2.24 ± 0.41 1 46 0  0.74 ± 0.67 0 67 0 
BASAL_AREA 
Cross sectional area of 
trees (>1.3m in height) 
per m2 
 3.29 ± 0.38 0.95 23.35 0  0.41 ± 0.41 0 41.69 0 
CANOPY Canopy density  4.66 ± 0.11 5 7 1  1.47 ± 0.07 1 4 1 
FOREST_HEIGHT 
Maximum height of 
forest (m) 
 2.19 ± 0.08 2.5 5 0  0.18 ± 0.05 0 5 0 
PP_DENS 
Density of 
pneumatophores per 
m2 
 228.64 ± 11.81 232 586.67 0  2.61 ± 1.13 0 80 0 
PP_HEIGHT 
Pneumatophore height 
(cm) 
 8.97 ± 0.43 8.17 26 0  0.65 ± 0.26 0 17 0 
COMPLEXITY 
Score (estimated 
count/m2)of all 
mangrove plants and 
pneumatophores found 
within quadrat to 
indicate structural 
complexity at quadrat 
location 
 241.17 ± 12.16 243.67 643 0  3.67 ± 1.43 0 88.33 0 
SED_STR 
Mean  sediment 
strength (kg/cm2) 
 1.33 ± 0.07 0.93 4.64 0.25  1.38 ± 0.12 1.06 4.67 0.08 
SURFACE_SED 
Median sediment grain 
size (µm) at surface  
 49.98 ± 5.22 34.08 552.2 7.94  120.17 ± 18.89 72.63 1650.98 7.94 
SUB_SED 
Median sediment grain 
size (µm) at 5cm depth 
 54.25 ± 7.16 35.34 698.19 7.94  137.95 ± 23.60 55.38 1354.33 7.94 
 241 
 
 
 
 Inside Forest  Outside Forest 
Predictor Detail  Mean ± 1 SE Median Maximum Minimum  Mean ± 1 SE Median Maximum Minimum 
SED_COMBO 
Sediment 
heterogeneity/rugosity. 
% of plot area higher or 
lower than average 
sediment surface 
 31.69 ± 1.44 30 76.67 1.67  16.99 ± 1.15 15 60 0 
TREE_SEEDS 
Fruit density on most 
propagule laden adult 
tree within a 20m 
radius 
 4.39 ± 0.57 2 61 0  2.21 ± 0.71 0 57 0 
CRAB_DENS 
Mean crab burrow 
density (no./m2) 
 176.5 ± 10.26 151.11 503.11 0  104.06 ± 11.04 78.22 625.78 0 
SALTMARSH_BB 
Saltmarsh canopy 
density 
 1.34 ± 0.09 1 7 1  1.06 ± 0.04 1 4 1 
MEAN_DEBRIS_BB Density of debris  3.45 ± 0.07 3.67 6.67 1  2.4 ± 0.09 2 5 1 
WAVE_POWER 
Modelled average wave 
power  
 5.08E-03 ± 7.17E-04 2.05E-03 4.07E-02 3.64E-12  2.56E-02 ± 3.20E-03 2.06E-02 1.60E-01 3.64E-12 
BED_SHEAR 
Modelled average bed 
shear stress  
 1.46E-02 ± 1.13E-03 1.31E-02 5.01E-02 2.39E-09  1.18E-02 ± 1.21E-03 1.16E-02 4.95E-02 5.53E-09 
PROP_SUPPLY 
Modelled supply of 
propagules to quadrats 
derived from 
simulation of dispersal  
 4.46E+08 ± 7.63E+07 7.26E+07 7.10E+09 27  
2.03E+07 ± 
6.83E+06 
4.79E+04 5.11E+08 0 
 
 
 
